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Se réceptionner d’une chute est une action complexe nécessitant la prédiction 
du contact avec le sol. Nous avons développé nos actions motrices sur la Terre, 
notre système nerveux et le traitement des afférences sensorielles sont opti-
misés à la gravité terrestre. Cette thèse a pour objectif d’explorer comment les 
Hommes se préparent et effectuent une réception dans différentes conditions 
de saut, de gravité et d’environnement sensoriel. 
L’hypergravité a été simulée sur Terre avec un Subject Loading System (SLS) gé-
nérant une force de traction ou par des tours effectués par un avion générant 
des forces centrifuges. La microgravité a été simulée dans un environnement 
d’impesanteur en vols paraboliques avec le SLS. La cinétique, cinématique et 
l’activité musculaire du membre inférieur ont été enregistrées. 
Dans toutes les conditions expérimentales, les sujets anticipent le contact au sol 
et sont capables de se réceptionner et se stabiliser. L’interaction avec le sol peut 
être illustrée par un ressort raide résistant à l’impact, se transformant ensuite 
en un ressort compliant doublé d’un amortisseur dissipant l’énergie. Le système 
otolithique, même perturbé, contribue au contrôle moteur de la réception. Des 
recherches complémentaires sont nécessaires pour déterminer l’utilisation po-
tentielle de la réception comme contre-mesure pour réduire le risque de bles-
sure en sport et/ou les effets délétères des vols spatiaux chez les astronautes.
Landing from a fall is a complex action requiring the prediction of the instant of contact with 
the ground. Since humans have developed motor actions on Earth, the nervous system and the 
sensory input processing are optimized to the Earth’s gravity. The aim of this study is to assess 
human motor control of landing in different conditions of fall initiation, simulated gravity and 
sensory neural input.
Hypergravity was simulated either on Earth with a Subject Loading System (SLS) generating a 
pull-down force or by turns of an aircraft generating centrifugal forces. Microgravity was simu-
lated in a weightlessness environment during parabolic flights with the SLS. Kinetics, kinema-
tics and muscular activity of the lower limb were recorded. 
Humans anticipate the contact with the ground, and are able to land and stabilize in all ex-
perimental conditions. The interaction with the ground can be illustrated by a stiff spring to 
resist the impact, which changes to a compliant spring associated with a damper to dissipate 
the energy. The otolithic system, even perturbed, contributes to the control of landing. Further 
investigations are still needed to determine the potential use of such landing tasks as coun-
termeasure for preventing injury in sports and/or the detrimental effects of weightlessness 
induced by spaceflights in astronauts.
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Index of symbols and abbreviations 
 
5M Fift metatarsal phalangeal joint 
ANOVA Analysis of variance 
ANCOVA Analysis of covariance 
av Acceleration along the axis perpendicular to the floor 
of the plane 
az Vertical acceleration of the center of mass of the body 
az-A300 Acceleration along the axis perpendicular to the floor 
of the plane 
BF Biceps femoris muscle 
BW Body weight on Earth 
c2 Mass-specific overall damping coefficient from the 
peak of the vertical ground reaction force until the end 
of the trial 
CMJ Counter-movement jump 
CN Chin-neck intercept 
CNS Central nervous system 
COM Center of mass of the body 
DL Drop-landing 
ΔSz Vertical COM displacement from touchdown until the 
lowest vertical position of the COM 
Ek Vertical kinetic energy of the COM 
EMG Electromyography 
EMGpre Average EMG activity 100 ms before touchdown 




lowest vertical position of the COM 
Ep Gravitational potential energy of the COM 
ESA European Space Agency 
Etot Vertical total energy of the COM 
Etot-TD Vertical total energy of the COM at touchdown 
FC External femoral condyle 
FootTD Elevation angle of the foot segment at touchdown 
Ft Vertical component of the pull-down force 
Fz Vertical component of the ground reaction force 
Fz-peak Maximum value of Fz after touchdown 
g Gravitational acceleration constant (= 9.81 m.s-2) 
g0 Gravity conditions in weightlessness  
GL Gastrocnemius lateralis muscle 
GT Greater trochanter 
k1 Mass-specific overall stiffness from touchdown until 
Fz-peak 
k2 Mass-specific overal stiffness from Fz-peak until the end 
of the trial 
land1 Period between touchdown and Fz-peak 
land2 Period between Fz-peak and the lowest vertical position 
of the COM 
landing Period between touchdown and the lowest vertical 
position of the COM 
LM Lateral malleolus 
LRz Loading rate 




PFC Parabolic Flight Campaigns 
PB Peroneus brevis muscles 
PTF Force platform 
RoM Range of motion during landing 
RoM1 Range of motion during land1 
RoM2 Range of motion during land2 
ShankTD Elevation angle of the shank segment at touchdown 
SLS Subject loading system 
Sol Soleus muscle 
Sz Vertical position of the COM relative to standing 
Sz-max Maximal height of jump or height of drop 
Sz-min Lowest vertical position of the COM after touchdown 
TA Tibialis anterior muscle 
taer Aerial time 
tFz-peak Time of Fz-peak 
ThighTD Elevation angle of the thigh segment at touchdown 
TrunkTD Elevation angle of the trunk segment at touchdown 
tSz-min Time of Sz-min 
TD Touchdown 
TO Take-off 
VL Vastus lateralis muscle 
Vz Vertical velocity of the COM 
Vz-TD Absolute value of the vertical velocity of the COM at 
touchdown 





Landing from a jump or a fall seems a simple task since healthy individuals 
can land smoothly without consciously planning the movement. It is known 
that the control of landing is pre-programmed since Melvill Jones and Watt 
(1971b) have reported anticipatory muscular activity of the gastrocnemius 
muscle prior to contact the ground. Indeed, the central nervous system 
(CNS) must predict the instant of touchdown (TD), the characteristics of the 
forthcoming impact force and control lower limb joints rotations to dissipate 
the energy generated during the descent (Santello and McDonagh 1998). 
During unexpected sudden falls, the absence of anticipatory muscular 
activity inducing a lack of smoothness in the movements of the lower limbs 
during landing attests the importance of a preparation to the collision 
(Greenwood and Hopkins 1976; Jones and Watt 1971a). The CNS integrates 
sensory information from the visual, the vestibular and the proprioceptive 
systems to generate the appropriate motor command (Fig. 0.1). Indeed, 
altering visual (Santello et al. 2001) and/or vestibular (McKinley and Smith 





Fig. 0.1 Scheme representing the control of landing 
 
Under Earth’s gravity, human orientation in space is based on at 
least four sensory inputs to the CNS: the otolith organs provide information 
about linear accelerations and head tilt relative to gravity; the semicircular 
canals provide information about angular accelerations; the visual system 
provides information about body orientation with respect to the visual 
scene; and somatosensory or proprioceptive system provides information 
about limb and body position, muscular forces and external forces exerted 
on the body. These sensory inputs are compatible and complementary on 
Earth. When the gravitational environment is modified, a conflict between 
sensory inputs is present. For example according to Cohen (1973), 
stationary objects appear to rise when the resulting downward force along 
the body axis increases. This so called ‘elevator illusion’ has been attributed 
to changes in oculomotor control that result from atypical stimulation of the 




Cohen et al. 2001). Although the experiments exploring the ‘elevator 
illusion’ are performed by subjects restrained in a chair, we suggest that it 
may influence the predictions of the instant of TD during landings in 
hypergravity simulated by centrifugal forces. 
Landing has been studied on animals (Dyhre-Poulsen and Laursen 
1984; McKinley and Smith 1983) and humans in different ways; from the 
movement of the center of mass (COM) (Newman et al. 1997), to the 
movement of the lower limb segments (McKinley and Pedotti 1992); from 
the electromyographic (EMG) activity of the muscles (Santello and 
McDonagh 1998) to the net muscular moment at a joint (Zhang et al. 2000). 
Numerous studies have investigated the effect of task constraints on the 
motor control and/or biomechanics of landing that are further detailed in 
section 1.3. 
In this work, landing is investigated by studying the movement of 
the COM and of the lower limb segments, as well as by measuring the EMG 
activity of lower limb muscles before and throughout the landing. This work 
is intended to gain insights in the capacity of the CNS to adapt the motor 
control of landing in different simulated gravity fields. In the experimental 
conditions implemented in this work, the sensory information available to 
the CNS is manipulated. In addition, the instant of TD is also modified, as 
the aerial time is shortened or lengthened. In turn, the kinetic energy of the 
COM at TD is modified, and so the quantity of energy to be dissipated 
during landing. As humans born and developed motor skills such as landing 
under the omnipresence of the Earth’s gravity, the question of how the CNS 





First, the motor control of landing on Earth will be reviewed, then 
the methodological background and the hypothesis of this work will be 
exposed, before the presentation of the results. 
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1 The control of landing on Earth 
In this section fundamental features of the control of landing reported in the 
literature will be reviewed.  
 
1.1 Biomechanical principles 
When landing from a counter-movement jump (CMJ) or a drop (i.e. when a 
subject is dropped from a given height), the energy gained during the fall 
must be dissipated during landing. Note that, when landing from a drop, the 
general biomechanical description of the task is identical to the landing 
from a CMJ but starting at the maximal height of the jump (Sz-max, Fig. 1.1). 
The oscillation of the COM during hopping and running has been 
modelled as a mass mounted on a spring that compresses and expands 
during the contact with the ground to store and return elastic energy 
(Blickhan 1989; Cavagna et al. 1988). This simple model predicts the 
hopping or running step frequency as well as the vertical displacement of 
the COM. But the biomechanics of landing could not be explained by such 
model, because at the end of landing the system is at equilibrium state and 
the energy must have been dissipated (Dyhre-Poulsen et al. 1991).  
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Fig. 1.1 Typical trace of a CMJ on Earth. The vertical component of the ground reaction 
force (Fz normalized in BW), the vertical acceleration (az), velocity (Vz), displacement (Sz), 
total energy (Etot), kinetic energy (Ek) and gravitational potential energy (Ep) of the COM 
are presented as a function of time. The instant of take-off (TO) and the instant of 
touchdown (TD) delimit the aerial phase (taer). The land1 is the period between TD and the 
time at which the vertical force reaches its peak (Fz-peak); land2 is the period between the 
time of Fz-peak and the time at which the COM reaches its lowest vertical position (Sz-min) 
 
A typical CMJ on Earth starts with the subject in a standing position. 
At this time, the vertical component of the ground reaction force equals the 
body weight (BW) of the subject, the vertical acceleration (az), the vertical 
velocity (Vz), the vertical position (Sz) and the vertical total energy (Etot) of 
the COM equal zero (Fig. 1.1). Then by flexing the lower limb joints, the 
subject lowers Sz by increasing az downwards, which results in a downward 
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Vz; Ep decreases and Ek increases. Subsequently, the subject pushes on the 
ground. When az is returned to zero, the maximum downward Vz is reached 
and Sz still sinks downward until Vz is nil. At this time, the lower limb joints 
start to extend (Fig. 1.2), Sz, Vz, Ep and Ek increase, Fz > BW and az is 
positive, indicating that the COM accelerates upwards. Vz reaches a 
maximum a few milliseconds before TO when az crosses the zero-line. 
During the last part of the push, the force exerted on the ground is lower 
than the BW, az ranges between 0 and -1 g; Vz and Ek decrease. At TO, the 
subject is only submitted to the acceleration of gravity until the end of the 
aerial phase (taer). During the upward aerial phase, Vz decreases with a slope 
of -1 g, Ek decreases while Ep increases until Sz-max is reached and Vz is nil. 
From this instant, the description of the drop is similar to the one of the 
CMJ. 
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Fig. 1.2 Left: stickman depicting the segments of the participant in the sagittal plane. The 
delimitation of segments is indicated by grey dots; from top to bottom, Chin-neck intercept 
(CN), Greater Trochanter (GT), external Femoral Condyle (FC), Lateral Malleolus of the 
ankle (LM) and 5th Metatarsal phalangeal joint (5M). The joint angles of the hip, knee and 
ankle are calculated as the angle between the segments as schematized. Right: typical trace 
of a CMJ in 1 g on Earth (same trial as in Fig. 1.1). The angle of the hip, knee and ankle are 
presented as a function of time. For the hip and the knee joint, the angle of 180° 
corresponds to full extension. For the ankle, the angle of 120° corresponds to the 
anatomical position. Other indications as in Fig. 1.1 
 
After Sz-max, the subject falls: Vz increases with a slope of -1 g, Ek 
increases while Sz and Ep decrease. Before TD, the lower limb joints start to 
flex in preparation to the collision (Fig. 1.2), as also reported in Devita and 
Skelly (1992). At TD, the subject touches the ground with a Sz higher than 
during standing, though the knee and the hip joints are slightly flexed. This 
is because the subject first contacts the ground with the forefeet and with the 
ankle joints plantarflexed. During land1 (from TD until until the peak of the 
vertical ground reaction force, Fz-peak), the forefeet contact the ground, the 
lower limb joints continue to bend and Fz-peak corresponds to the contact of 
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the heel with the ground, as also observed by other authors (Dufek and 
Bates 1990; Gross and Nelson 1988; Self and Paine 2001; Zhang et al. 
2000). During this phase, Fz increases while Sz and Ep decrease. During the 
first part of land1, the force exerted on the ground is smaller than BW, az 
ranges between 0 and -1 g, Vz still increases downward and Ek augments. 
When az crosses the zero-line, Vz and Ek start to decrease as the action of 
gravity is counteracted by the vertical force exerted on the ground. During 
land2 (from Fz-peak to the lowest vertical position of the COM, Sz-min), the 
subject continues to flex the knee and the hip joints. Fz decreases and Sz still 
sinks until reaching Sz-min. Concomitantly Ep decreases until Vz and Ek reach 
zero. The period land1+land2 will be referred to as landing; during this 
phase, the work done on the COM is negative and the kinetic energy of the 
COM is dissipated. After Sz-min, the lower limb joints start to extend, the 
force exerted on the ground is still superior to BW and Vz increases until az 
crosses the zero-line. Then, Vz decreases and Sz still increases until the 
subject returns to the initial standing position where all parameters are equal 
to zero. 
 
1.2  The landing strategy 
In this work we investigate the natural landing strategy (no instruction are 
given to the subjects about the speed execution or the style of landing) and 
its modifications due to the effect of gravity and associated alteration of 
sensory inputs. To interpret our observations, it is interesting to review how 
the way of landing may influence the interaction with the ground. 
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Devita and Skelly (1992) have studied the landing strategy by 
comparing soft and stiff landing, which is defined by maximal flexion angle 
of the knee joint superior and inferior to 90°, respectively. Devita and Skelly 
(1992) have analyzed the contribution of the net muscular moments of the 
hip, the knee and the ankle joints. First, they have observed that the work 
done at the level of the lower limb joints is greater in soft landing (2.37 J.kg-
1) as compared to stiff landing (2.00 J.kg-1), but the impact force is lower in 
soft landing (~2 BW) as compared to stiff landing (~3 BW). Second, they 
have reported that in soft landing, the work at the ankle is reduced by 12 % 
whereas the work at the hip and at the knee is increased by about 50 % as 
compared to stiff landing, more than counteracting the reduced work at the 
ankle. This suggests that the reduction of the impact force during landing 
implies more muscular work, and this extra muscular work is performed at 
the hip and at the knee. 
There is a growing interest in studying the landing strategy in order 
to reduce the rate of injuries in sports involving landings such as Basketball 
or Volleyball (Hewett et al. 1999). Anterior Cruciate Ligament (ACL) injury 
is one of the most common injury in sport (Yu and Garrett 2007) and nearly 
three quarters of ACL injuries are non-contact injuries (Boden et al. 2000). 
Typically, the ACL is torn in a deceleration situation that produces a valgus 
movement of the knee. Extension or hyperextension of the knee, internal 
rotation of tibia on femur, pure deceleration and valgus position can also 
cause ACL tear. Female athletes are more prone to sustain an ACL injury 
than their male counterparts (Arendt and Dick 1995). So far, many 
explanations of the increased risk of injury of female athletes have been 
proposed, including increased knee valgus, generalized joint laxity, ACL 
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size, and the fact females land with a more erect posture compared to their 
male counterparts (Decker et al. 2003). In most of ACL injury cases, the 
knee is close to full extension at initial contact (between 9° and 15° of 
flexion) (Krosshaug et al. 2007), so a greater knee flexion at initial contact 
is suggested to be a protective landing strategy (Dai et al. 2015; Decker et 
al. 2003). According to Hewett et al. (1999) neuromuscular training 
combined with instructions to perform soft landing with greater knee flexion 
at initial contact significantly reduces the incidence of serious knee injury in 
female athletes. However such landing strategy involves longer contact time 
and more muscular work to be performed, which may be detrimental to 
sport performance (Dai et al. 2015). 
When studying the natural landing strategy, two main questions 
arise: “Is the natural landing strategy stiff, soft, or in between?” and “Why 
would humans do more work than necessary during landing?” Zelik and 
Kuo (2012) have estimated the theoretical minimum amount of work 
necessary for landing as Ep at Sz-max. As observed in Fig. 1.1, Ep is 
conserved and transformed into Ek throughout the fall, and is dissipated 
during landing. Zelik and Kuo (2012) have quantified the extra work as the 
negative work (calculated as the integration of the vertical power of the 
COM during landing) minus Ep at Sz-max expressed as a percentage of Ep at 
Sz-max. They have reported that 37 % of extra work is performed in natural 
landing. Then, they have asked the subjects to perform stiff (“flatfooted 
landing with knees fully extended”) and soft landing (“land as quiet as 
possible”). The extra work is close to 0 % in stiff landing, but reaches 76 % 
in soft landing. As expected, the natural landing strategy of humans lies in 
between soft and stiff landing and Zelik and Kuo (2012) suggest that 
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humans may be willing to perform extra muscular work in landing to avoid 
other subjective costs such as pain, discomfort and risk of injury caused by 
large a impact force.  
Although stiff and soft landing definitions vary among studies, stiff 
landing exhibits a decreased negative work (Devita and Skelly 1992; Zelik 
and Kuo 2012), a smaller contribution of the knee and the hip in energy 
dissipation (Devita and Skelly 1992; Norcross et al. 2013; Zhang et al. 
2000), a smaller range of motion at the knee and at the hip (Zhang et al. 
2000), a more erect posture at TD (Devita and Skelly 1992), a decreased 
COM deflection (Newman et al. 1997), an increased impact force (Devita 
and Skelly 1992; Dufek and Bates 1990; Zhang et al. 2000) and an 
increased stiffness (Newman et al. 1997), as compared to soft landing and 
natural landing. 
 
1.3 The influence of the task constraints 
a) On the impact force 
The most studied constraint in landing is the height of fall, by asking the 
participants to step-off from boxes of different heights, involving different 
Ep, and thus different Vz-TD, leading to different amounts of energy to be 
dissipated. When the height is increased, more work and larger range of 
motion are performed at the knee and at the hip, whatever the natural 
landing strategy, i.e. stiff, soft or natural (McNitt-Gray 1993; Zhang et al. 
2000). Although those adjustments are performed to avoid a potentially 
harmful collision, the impact force increases irremediably with the height of 
drop (McNitt-Gray 1993; Santello and McDonagh 1998; Santello et al. 
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2001; Zhang et al. 2000). As proposed by Zelik and Kuo (2012), the 
strategy of landing may rely on subjective trade-offs between economy and 
other costs such as pain and potential injuries. 
 
b) On the EMG activity before and after TD 
It has been reported that lower limb muscles are activated before landing at 
a relatively constant time to TD whatever the height of fall, and that the 
amplitude of the preparatory muscular activity increases with the height 
(Santello 2005; Santello and McDonagh 1998; Santello et al. 2001). This 
suggests that muscles are activated at a constant time relative to TD and that 
EMG amplitude increases when the constraints are augmented (Fig. 1.3).  
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Fig. 1.3 Rectified and averaged EMG actvity of soleus (left panel) and tibialis anterior 
(right panel) muscles in drop-landings from 0.2, 0.4, 0.6, 0.8 and 1 m, respectively from top 
to bottom in one subject. Dashed and continuous lines indicate take-off and touch-down, 
respectively. Arrows indicate the onset of muscular activity (From Santello and McDonagh 
1998) 
 
The time interval between the onset of EMG activity and the onset of 
measurable tension at a joint (i.e. the electro-mechanical delay is equal to 
30-100 ms, depending on the muscle and the type of contraction (Cavanagh 
and Komi 1979)). So the pre-landing muscular activity should be considered 
as the preparatory mechanism to exert tension within a joint in order to 
prepare the controlled joints decceleration through eccentric contraction 
during landing. Unfortunately, the timing of this muscular pre-landing 
activity and its modulation to the landing height vary among studies due to 
different algorithms of determination (Liebermann and Hoffman 2005; 
M. SANTELLO AND M. J. N. McDONAGH
0.1 mv |0.6m- |0.3 mv
l. m X
M. soleus 100Ms M. tibialis anterior
Fig. 3. EMG activity. From top to bottom the traces are rectified and averaged (n = 10) m. soleus and m. tibialis anterior
EMG (left and right panels, respectively) when falling from heights of 0-2, 0.4, 0-6, 0-8 and 1 m, respectively (all the
traces shown are from subject S3). Dashed and continuous lines indicate take-off an touch-down, respectively. The
EMG and time calibration bars apply to all the traces. Arrows indicate EMG onset.
Two main points should be noted in Fig. 3. First, the pattern of EMG activity is rather
invariant despite a change in fall height. Second and in contrast, the amplitude of muscle
activation before and after touch-down is strongly modulated with the height of the fall as is
the timing of the activation from take-off. These variables are analysed quantitatively below.
Quantitative relationships of variables to fall height
We studied the effect of increasing fall height on the control of (a) foot rotation before and
after touch-down, (b) the amplitude and latency of peak ground reaction force and (c) EMG
timing and amplitude. No effect of practice (i.e. 10 trials) was found in the variables studied
(P > 0.7).
Ground reaction force
The amplitude of the vertical component of the ground reaction force (F,) increased with
fall height as would be expected. The mean peak F, values following a fall for fall heights of
0.2, 0*4, 0*6, 0.8 and 1 m were equivalent to -3.9, 4.7, 5.6, 6 9 and 7 9 average body weights,
respectively. Interestingly, peak F, occurred at shorter latencies from touch-down when falling
from greater heights in all the subjects. The mean values of time to peak F, (means + S.E.M.)
were 70 + 6, 62 + 5, 53 + 3, 46 + 2 and 40 ± 2 ms. This suggests that the stiffness of the lower
limbs increased with increasing fall height (see below).
864
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Santello and McDonagh 1998; Staude and Wolf 1999). The determination 
of the EMG onset latency, i.e. the time at which the EMG activity starts to 
increase before TD is still a matter of debate. In landings, the method most 
often used by researchers is the method of Santello and McDonagh (1998) 
(see Fig. 1.4). This method consists of the integration of the EMG traces 
(IEMG) during the aerial phase (taer) and of the normalization of taer and 
IEMG so that both final values equal 1. Then, the normalized IEMG is 
compared to a reference line with a slope equal to 1, which represents a 
constant level of EMG amplitude during taer. The EMG onset is defined at 
the instant where the distance between the normalized IEMG and the 
reference line is the greatest (distance d, Fig. 1.4), i.e. where a continuous 
increase in the EMG amplitude is present. 
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Fig. 1.4 Method of Santello and McDonagh (1998) for determining the EMG onset latency. 
The upper trace is the rectified EMG signal from the Sol recorded during the period 
between TO and TD, i.e. during taer. The bottom trace is the normalized integration of the 
EMG (IEMG) as a function of the normalized taer. The reference line with a slope equal to 1 
is shown; d represents the greatest distance between the normalized IEMG trace and the 
reference line, indicating the EMG onset latency. From Santello and McDonagh (1998). 
 
On one hand, such method provides a consistent result for each EMG trace 
and avoids the influence of the operator subjectivity. But on the other hand, 
the method is automatic and the expertise of the “human’s eye” is missing. 
Indeed when observing the trace presented by Santello and Mcdonagh 
(1998) on Fig. 1.4, some EMG specialists would not agree with the onset 
















Fig. 1. Method for calculating EMG onset latency. The upper trace is the full-wave rectified EMG signal from m. soleus
(one landing, subject S4) recorded during the period between take-off and touch-down (i.e. fall time). A continuous
integration of all the EMG data points was performed with a time interval equal to the sampling rate (2 kHz). The
integrated EMG (IEMG) and the fall time were then normalized such that both the final IEMG value and the fall time
were given the value of 1. In the lower trace the normalized IEMG is plotted against the normalized fall time. The
normalized IEMG trace is then compared to a reference lin with slope equal to 1. This reference line represents the
relationship between normalized IEMG and normalized time when there is a constant level of EMG amplitude during the
fall. The EMG onset latency was defined at the point in normalized fall time when the distance between the normalized
IEMG slope and the reference line was the greatest (d, lower trace). This occurs when there is a continuous increase in
the EMG amplitude, i.e. when the slope of the normalized IEMG line becomes > 1.
normalized IEMG line would only increase in a continuous fashion, however, if a continuous increase in
the EMG amplitude occurs. As a consequence, the slope of the normalized IEMG line becomes >1.
The EMG onset latency was defined at the point in time when the distance between the normalized
IEMG slope and the referenc lin was e great st (d, lower trace; indicated by an th arrow in the upper
trace; Fig. 1). This is the point when the slope of the normalized IEMG line starts to increase
continuously (A(normalized IEMG)/A(normalized time) > 1), therefore indicating the onset of a
continuous build-up of muscle activity. For the estimation of EMG onset latency, the only requirement is
that the EMG increase has to be continuous, hence EMG bursts of short duration would be ignored. This
condition was arbitrarily chosen in order to perform a repeatable quantitative analysis of the EMG onset
latency.
The computer algorithm worked well in -95 % of cases. For a small percentage of the EMG traces
(-5 % of the total), the computer program calculated the onset at a very short latency from take-off
861
  17 
latency determined by the method. In addition, if either the EMG activity is 
continuous, or multiple bursts are present during taer, the method provides 
farfetched values. 
The change in pre-landing EMG amplitude is a reliable parameter that 
illustrates how the task constraints modify the amount of muscular activity 
in preparation to TD. To distinguish the reflex components from the pre-
programmed components of the muscular response after TD, Duncan and 
McDonagh (2000) have elaborated an ingenious experiment. During a first 
testing session, subjects perform landings from stepping down a box at a 
height of 0.45 m. The force platform on which subjects land is covered by a 
poster paper with a specific drawing. In this control session, the authors 
measure the latency of the stretch reflex and the EMG amplitude after TD of 
the gastrocnemius medialis and soleus muscles. In a subsequent session, the 
poster paper is present at the same place, but the force platform is lowered 
by 0.25 m below the ground. During their first landing, subjects are tricked 
by the ‘false’ landing surface and contact the force platform unexpectedly 
0.25 m below; the electromyograms are compared to those of the control 
session. The authors observe the absence of the reflex response and a 
reduction of 50 % of the EMG amplitude after TD in both plantarflexor 
muscles in the catch trial as compared to the control trials. This experiment 
shows evidence that both pre-programmed and reflex responses contribute 
to the EMG activity after TD in plantarflexor muscles. Although intuitively, 
one coud expect that only extensor EMG amplitude is increased during 
landing from higher heights to modulate the resistance to joint rotations, but 
surprisingly muscular activity is increased in both flexors and extensors 
before and after TD (Santello 2005; Santello and McDonagh 1998; Santello 
  18 
et al. 2001). Santello and McDonagh (1998) have proposed that this 
concommittent increase in flexor and extensor muscular activity provides 
more stability and increases joint stiffness in order to resist increased 
velocities of joint rotations. These results suggest that the CNS is able to 
predict the characteristics of the forthcoming impact force and adapts the 
motor behavior according to the task constraints.  
 
1.4 The role of sensory inputs 
It is still unknown how the CNS modifies the motor control of landing when 
sensory inputs are altered. Few studies have answered this question, but 
some findings may help us to interpret our results. First, the direction of the 
gaze (straight, down or in between) does not affect the muscular command 
driven by the CNS nor the impact force during landing (Liebermann and 
Hoffman 2005). Second, the total deprivation of vision involves increased 
impact force in Santello et al. (2001), whereas the landing behavior is 
unchanged in Liebermann and Goodman (2007). These discrepancies may 
be due to the fact that subjects are allowed to see the height of drop in 
Liebermann and Goodman (2007), but not in Santello et al. (2001). Santello 
et al. (2001) suggest that the participants deploy a ‘default’ landing strategy 
that could cope with a wide range of falling heights. Third, the deprivation 
of the vestibular function seems to affect largely the control of landing. 
McKinley and Smith (1983) have reported that 5 weeks after 
labyrinthectomy, cats land ‘akwardly’ and touch the ground with their 
tummy. The timing of pre-landing muscular activity of extensors is 
unaffected, but the EMG amplitude is decreased by about 40 %. After 
multiple training sessions, cats compensate and exhibit EMG amplitudes 
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and landing style close to the control session. In conclusion, the motor 
command associated with the preparation to landing seems more largely 
dependent on vestibular cues rather than on visual cues. 
Nevertheless, the experiment of Vidal et al. (1979) enlightens the 
contribution of the visual inputs in triggering muscle responses to sudden 
falls in baboons. Using a specific experimental set-up (see Fig. 1.5), the 
muscular responses of the monkeys during the fall are analyzed in three 
visual conditions: with normal motion of the visual world (N), with visual 
world stabilized with respect to the head (S) using a box covered inside by a 
black and white checkboard pattern surrounding the animal’s head, and in 
total darkness (D). In comparison to the normal condition (N), a decrease of 
the EMG amplitude before landing is reported in the darkness condition (D), 
and a greater decrease of the EMG amplitude before landing is observed in 
the stabilized vision condition (S). This observation shows that the visual 
system influences the motor command associated with the preparation to the 
landing. According to the authors, visual motion cues contribute to adjust 
the motor command in order to allow an efficient preparation to landing. 
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Fig. 1.5 A-C Experimental set-up and typical records. A Experimental set-up. The monkey 
is seated on a chair which can slide along a vertical axis. The chair motion in free fall is 
started by releasing the electromagnet m. The monkey’s head is partially fixed. Three 
conditions of visual surround are used: (a) the animal is looking in the normal (N) lighted 
environment of the laboratory, (b) a box (dotted lines) surrounds the head and total 
darkness (D) is made, and (c) visual stabilization (S) is obtained by illuminating a small 
light inside the box. Elecromyographic (EMG) and vertical acceleration (ACCEL) records 
are made. B EMG recordings from soleus muscle during the first few falls. C EMG 
recordings from the soleus muscle during the following trials on the same day. Below 
recording of downward acceleration of the head, and time scale in ms. From Vidal et al. 
(1979). 
 
According to Cohen (1973) and Cohen et al. (2001), visual cues can 
be modified by hypergravity conditions simulated by centrifugal forces 
generated by a centrifuge. In the experiment of Cohen (1973), subjects are 
strapped in a seat and their head is positioned by a biteboard (Fig. 1.6). 
Subjects are in the dark and a target is projected on a screen in front of 
them. During the experiment, the target moves up or down and subjects 
have to reverse its movement using a control switch (Fig. 1.6) and to 
Visual-vestibular Interaction During Free-fall 243 
EMG 
1.5 mV 
16o 260 a6o 460 560 :~ 
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Fig, 1A-C. Experimental set-up and typical records. A Experimental set-up. The monkey is seated 
on a chair which can slide along a vertical axis. The chair motion in free fall is started by releasing the 
electromag et m. The monkey's head is partially fixed. Three conditions of visual surround are 
used: (a) the animal is looking in the normal (N) lighted environment of the laboratory, (b) a box 
(dotted lines) surrounds the head and total darkness (D) is made, and (c) visual stabilization (S) is 
obtained by illuminating a small light inside the box. Electromyographic (EMG) and vertical 
acceleration (ACCEL) records are made (Lacour et al., 1978, for details). B EMG recording from 
soleus muscle during the first few falls. Two components can be seen: an early phasic (latency about 
40 ms, see first arrow), and a late tonic (latency 100 ms, see second arrow). C EMG recording from 
soleus muscle during the foll wing trials on the same d y: note that the late component disappears. 
Below recording of downward acceleration of the head, and time scale in ms 
in t ra -muscu la r  bipolar  electrodes were made  of 2 teflon coated silver wires. The  
isolat ion was r emoved  from the ext remity  of the electrodes th roughout  the 
length of 2 -3  ram; the two recording sides were separated in the muscle by 
1 cm. The wires f rom the different muscles were led sub-cu taneous ly  onto  a plug 
sealed to the head of the animal.  
Free-Fall Device (Fig. 1A) 
The m o n k e y  was seated on a chair guided by two vertical rails so that  the vertical  
axis was parallel  to the head - t runk  axis of the monkey.  The  chair was 
m a i n t a i n e d  in the initial  posi t ion by two electromagnets .  The end  of the fall was 
slowed by an elastic system. This last feature  explains the absence of a real  
l anding  dur ing the presen t  exper iment .  The  exact t ime course of the fall was 
measured  by an acce lerometer  placed ei ther  on the an imal  or the chair. 
The  var iat ion of l inear  accelerat io  is abou t  0.9 g, the free-fall  length  is 
about  0.9 m and its dura t ion  440 ms. A 6 to 10 ms delay was in t roduced  by the 
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position it at the level they consider to be at Earth’s horizon. Subjects lower 
the target (down to 20°) as the level of simulated hypergravity increased (up 
to 1.75 g). The authors suggest that subjects attempt to keep the target at 
horizon, but the target appear to rise with increased simulated hypergravity 
levels. This so called ‘elevator illusion’ has been attributed to changes in 
oculomotor control that result from atypical stimulation of the otolith organs 
exposed to increased downward acceleration.  
 
Fig. 1.6 Experimental set-up. From Cohen (1973) 
 
In a subsequent experiment using a similar experimental set-up 
(Cohen et al. 2001), the influence of structured visual environment on the 
‘elevator illusion’ is tested. When submitted to 2 g, subjects lower the target 
down to only 5° if a structured luminescent environment is provided. In the 






where w is in radians/second. R is in meters. and the constant.
9.81 , .is the acceleration ciue to the earth's zravitv in
meters/second' . Accelerometer s mounted at the cen-ter of the
gondola indicated GIFs within Iq of those calculated by Eq , 1.
Each S used a custom-fitted dental impression biteboard to
position his head in each of three orientations: erect (0 deg),
pitched 15 deg forward, and pitched 30 deg forward. The
orientations were defined by the angle between a horizontal
plane and Reid's baseline, the anterior-posterior axis of the head
that may be visualized as a straigh t line connecting the cen ter of
the ear canal with the bottom of the orb it of the eyes (Corvera
et al. 1958).
The four different GIFs were combined with the three
orientations of the head to prov ide 12 different experimental
conditions. The 12 conditions, randomized in order. were
presented to each 5 in separate sessions ; no S was given more
than four sessions on any day .
Each experimental session lasted for 7 min and consisted of
five parts : (1) a preexposure period of 2 min at 1.00 Gz: (2) a
transition period of 30 sec in which G z was increased along a
haversine curve from 1.00 Gz to the experimental level; (3) an
exposure period of 2 min at a steady Gz; (4) a transition period
of 30 sec in which Gz was decreased along a haversine curve
from the experimental level to 1.00 Gz; and (5) a postexposure
period of:2 min at 1.00 G z -
RESULTS AND DISCUSSION
At the beginning of each experimental sessiorr. S was strapped
firml y in his seat by a shoulder harness and lap belt ; his head was
appropriately posit ioned by the biteboard ; the lights of the
gondola were extinguished, and the hatch was tightly sealed.
The apparatus, illustrated in Fig. I, provided S with a visual
target that was projected on the screen before him in the
otherwi se totally darkened gondola. The target was an annulus
of light with an outer diameter of 25 mm and a thickness of
5 mm . At the viewing distance of 92 ern, the target subtended
- a p p ro x imately 1.6 deg of visual angle. A servomotor
continuously drove the projected target either up or down on
the screen at a rate of 5 deg /sec , and S operated a control switch
that reversed the direction in which the target was moving. By
repeatedly activating the control switch. S continuously
bra cketed the position that he considered to be at the earth's
horizon.
Signals from the servomotor, continuously monitored on strip
chart and magnetic tape recordings, indicated the position of the
target on the screen. The signals, processed on an EAI analog
computer (Model 231-R), were electronically averaged over
successive 3D-sec intervals to provide measures of target elevation
during each experimental session .
SCREEN
PROJECTOR
Nine male C.S . Naval personnel, between the ages of 19 and
32 years, served as volunteer Ss. All had previous experience in
riding the human centrifuge and performing control tasks similar
to the one used in this study. They had normal visual acuity, and
none showed any evidence of otic deficiency.
Fig. I. Apparatus used to measure the apparent elevation of a
visual target.
The present study attempts to separate the effects of
neck proprioception and otolith organ activity in the
elevator illusion . It is assumed that neck proprioceptibn
is altered when the head is pitched with respect to the
trunk. It is also assumed that the activity of the otolith
organs is altered either when the orientation of the
otolith organs is changed with respect to the GIFs or, for
most orientations of the head, when the magnitude of
the GIFs is changed. This study examines the illusion
produced by four magnitudes of GIFs with the head
oriented in each of three positions .
The conditions of the experiment were defined by the GIFs in
the G z direction, along the head -to-foot axis ofS's bod y parallel
to his spine , and by the orientation of S's head.
The Naval Air Development Center's human centrifuge
(Chri sty, 1949 ; Crosbie, 1956, 1967) was used to generate the
GIFs. Each S was seated in the gondola of the centrifuge and was
exposed to GIFs of 1.00, 1.25, 1.50, and 1.75 G z. These values ,
expressed as multiples of the earth's gravitational force,
represent the vectorial sum of gravity and the radial force
generated by rotation of the centrifuge arm .
The GrFs were determined b y calculation from the angular
velocity (w) of the centrifuge arm and the distance (R) of S's
head from the center of rotation, according to the equation:
GIFIG
. _ v(w'R)'+(9.81l'
z uruts) - 9.81 (1)
Figure 2 illustrates the changes of target elevation that
result from exposure under each of the experimental
conditions . The data, representing the mean elevation of
the target computed across all nine Ss, are typical of
individuals as well.
When the head was erect and when it was pitched
15 deg forward, S lowered the target by increasing
amounts as the GIFs increased. Since S attempted to
keep the target at the horizon, a stationary target would
appear to rise under these conditions , and the greater the
GIFs, the higher the apparent elevation of the target.
In contrast , when the head was pitched 30 deg
forward, S did not lower the target as the GIFs
increased . When the head is pitched 30 deg forward , the
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to 1.75 g. Thus, a visual structured environment reduces this ‘elevator 
illusion’. Although the experiments exploring the ‘elevator illusion’ are 
performed with subjects restrained in a chair, we suggest that it may 
influence the preparation to landing in hypergravity conditions simulated by 
centrifugal forces. 
 
1.5 The influence of gravity 
Humans are born and developed motor skills such as jumping and landing 
under the omnipresent Earth’s gravity, that implies specific body orientation 
in space, antigravity muscle tone and specific rules of motion. Since humans 
only experience the Earth’s gravity, the CNS presumably perceives gravity 
as a constant factor. One example supporting this argument is the 
experiment of McIntyre et al. (2001) showing that the anticipatory motor 
responses to catch a ball in weightlessness are too early relative to the 
impact time of the ball. As suggested by the authors, this maladjustment is 
probably due to the expected but absent acceleration of the ball in such 
environment.  
The goal of this work is to investigate how the motor control of 
landing is modified by changing the gravity. Changing the gravity will 
modify the duration of the aerial phase, the vertical velocity of the COM at 
TD, and thus the energy to be dissipated. In addition, changing the gravity 
will alter sensory information, which would modify the motor command. 
In this work, we investigate landings from a CMJ or from a drop in 
modified gravity fields from 0.2 g to 1.6 g. The microgravity conditions (< 
1 g) are obtained by simulating gravity with a Subject Loading System 
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(SLS) in a weightlessness environment. The hypergravity conditions (> 1 g) 
are obtained by centrifugal forces or with the SLS. The modified gravity 
fields during which experiments were performed are further detailed in the 
Methods section. Here we simply present the theoretical values of the 
duration of the downward movement of the COM during the aerial phase 
(downward taer), of the vertical velocity of the COM at TD (Vz-TD) and of the 
total energy of the COM at TD (Etot-TD) as a function of the gravity level 
when falling from a height (Sz-max) of 0.36 m or 0.18 m (Fig. 1.7).  
 
Fig. 1.7 Duration of the downward movement of the COM during the aerial phase 
(downward taer), of the vertical velocity of the COM at TD (Vz-TD) and of the total energy of 
the COM at TD (Etot-TD) as a function of the gravity level when falling. The black and the 
grey curves represent the theoretical calculation if the height (Sz-max) equals 0.36 m and 
0.18 m, respectively. The height of 0.36 m corresponds to the height of the trap-door 
system used to study landing from a drop (see Chapter 6). 
 
In microgravity conditions, the downward taer is increased. The 
instant of TD will be later than expected in comparison to 1 g. So the 
participants will have more time to prepare to the collision. In turn, Vz-TD and 
the energy to be dissipated will be diminished. For a given Sz-max, the 
microgravity conditions provide reduced constraints as compared to 1 g and 
could potentially be a good training for astronauts exploring the Moon or 
Mars. Astronauts would be able to practice their locomotion and motor 
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skills to enhance economy and agility, in order to be better prepared to the 
exploration of a new Planet. 
In hypergravity conditions, the downward taer is decreased. The 
instant of TD will be sooner than expected in comparison to 1 g. So the 
participants will have less time to prepare to the collision. In turn, Vz-TD and 
the energy to be dissipated will be augmented. For a given Sz-max, the 
hypergravity conditions provide augmented constraints as compared to 1 g 
and could potentially be a harmful situation if not properly prepared. Such 
hypergravity conditions should be implemented in injury prevention 
programs to simulate situations of augmented constraints during which the 
time to plan the appropriate motor command is reduced. 
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2 Materials and methods 
In this section, the main materials and methods used in this thesis will be 
described. First the experimental set-up and the materials (force platform, 
accelerometers, EMG, …) will be presented. Then the procedures of the 
experiments (procedure of the data acquisition, instructions to the 
participants, …) will be described. Finally the calculation procedures and 
the data analyses will be detailed. 
 
2.1 Experimental set-up 
An overview of the experimental set-up is depicted in Fig. 2.1. A force 
platform measured the ground reaction force. In specific experimental 
conditions detailed further, the Subject Loading System (SLS) was used to 
generate simulated gravity. It consisted of two pneumatic pistons generating 
a pull-down force transmitted to the harness worn by the subject. A high-
speed video camera measured the movement of the segments by means of 
reflective markers (white dots on Fig. 2.1) placed on anatomical landmarks. 
Surface EMG electrodes were placed on lower limb muscles to measure the 
electrical activity of the muscles.  
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Fig. 2.1 Scheme of the experimental set-
up. The pull-down force is generated by 
two pneumatic pistons placed 
horizontally on each side of the subject 
under the ground level. The force 
generated by each piston was transmitted 
to the harness by a rope, which passed 
through two pulleys. A first pulley, 
moving horizontally, doubled the 
movement of the harness as compared to 
the piston. A second pulley changed the 
direction of the force from horizontal to 
vertical. A force transducer placed at the 
level of this last pulley measured the 
tension in the rope and a force platform 
measured the ground reaction force under 
the feet. Reflective markers placed on 
anatomical landmarks were filmed by a 
high-speed video camera. 
 
 
a) Measurement of the ground reaction forces 
The forces exerted by the ground under the feet were measured by means of 
a 0.6 x 0.4 m force platform. Only the vertical component of the ground 
reaction force (Fz) was analyzed. During the first experiments, the vertical, 
the fore-aft, and the lateral components of the ground reaction force were 
measured by means of a KISTLER force platform instrumented with 
piezoelectric sensors. The natural frequency of the plate was 200 Hz. The 
crosstalk between the three axis of the force plate was less than 1 %. The 
response of the force platform was linear within 1 % of the measured Fz for 
forces up to 1000 N. Then, the KISTLER force platform was replaced due 
to a technical failure. The vertical and the fore-aft components of the ground 
reaction force were measured by means of a force platform instrumented 
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with strain-gauges similar to those described by Heglund (1981). The 
natural frequency of the plate was 180 Hz. The crosstalk between the two 
axis of the force plate was less than 1 %. The response of the force platform 
was linear within 1.2 % of the measured Fz for forces up to 1360 N. The 
signals of both force platforms were amplified. 
 
b) The Subject Loading System 
The SLS is schematized in Fig. 2.1 and is similar to the one used by 
Gosseye et al. (2010). The SLS consisted of two pneumatic pistons (custom 
model manufactured by Norgren) generating a pull-down force transmitted 
via ropes. Each rope passed through a pulley mounted on ball bearings 
below the landing surface; the pulleys were instrumented with force 
transducers measuring the vertical component of the pull-down force in the 
rope (Ft). Slight variations in Ft were observed, due to friction and inertia in 
the pistons as well as pressure drops in the pneumatic system. Ft was greater 
than the expected value when the subject moved upward and smaller when 
the subject moved downwards. These variations were quantified in each 
Chapter of the thesis, and further discussed in the Limitations section. The 
harness was a copy of the one used in MIR station by the Russian Federal 
Space Agency (ROSCOSMOS). It was composed of a large pelvic belt and 
adjustable shoulder straps, distributing the pull-down force between the hips 
and the shoulders. The harness did not constrain any movements of the 
lower and upper limbs. 
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c) The trap-door system (only for Chapter 6) 
At the beginning of each trial, subjects were standing on a trap-door system. 
The trap-door surface was made of 2 steel plates (0.36 x 0.31 m) covered 
with rubber (Fig. 2.2). The trap-door surface was 0.36 m above the force 
platform surface. Each plate was held in place by a steel piece, which could 
be removed by means of an electro-magnet (Mecalectro, France) activated 
by a knob releasing each plate (Fig. 2.2). Each plate was pulled downward 
with a tensed spring (SPEC, France) able to accelerate the extremity of the 
plate with a downward acceleration greater than 1 g. To prevent the plates 
from bouncing at the end of the rotation, a door-lock fixed the plates to the 
structure. One accelerometer (ADXL335, Analog devices, USA) was fixed 
to each plate to measure its tangential acceleration. 
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Fig. 2.2 Left and right: photos of the drop-landing task during a weightlessness period of 
parabolic flights. The simulated gravity conditions are generated by two pneumatic pistons 
and transmitted to the harness via two ropes, which pass through two pulleys (inside the 
steel boxes on each side of the force platform) measuring the vertical pull-down force Ft. 
The force platform (PTF), on which the participant is instructed to land, is 0.36 m below 
the trap-door surface. Left: participant standing on the trap-door surface. The operator 
behind the participant counts down before pressing on the knob (indicated by the black 
arrow) to release the trap-door system (the two pivots are illustrated). The rotation 
directions of the plates are indicated by the white arrows. Delimitation of segments is 
indicated by white dots: from top to bottom, Chin-neck intercept (CN), Greater Trochanter 
(GT), external Femoral Condyle (FC), Lateral Malleolus of the ankle (LM) and 5th 
Metatarsal phalangeal joint (5M). Right: subject falling, before landing on the force 
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d) Measurement of the kinematics of the lower limb segments 
The movements of the left lower limb segments were measured in the 
sagittal plane by means of a high-speed video camera (BASLER piA640-
210, resolution 486 x 646 pixels). The camera was fixed 3 m to the side of 
the force platform, such that the field of view was perpendicular to the 
sagittal plane. The camera field encompassed about 1.7 x 2.4 m, allowing 
the measurement of the body segments at any time of the experiment. 
Images were sampled at a rate of 100 frames.s-1. Reflective markers were 
taped on the skin on anatomical landmarks: chin-neck intercept (CN), 
greater trochanter (GT), upper part of the lateral side of the thigh, external 
femoral condyle (FC) , lateral malleolus (LM), and fifth metatarsal 
phalangeal joint (5M) as indicated on Fig. 2.2. 
 
e) Measurement of the electromyographic activity 
The electric activity of six muscles of the left lower limb was recorded by 
means of EMG using bipolar electrodes (IMMED E111, diameter: 30 mm, 
inter-electrode distance: 20 mm). The skin was cleaned with ether and 
alcohol before applying the electrodes. Absence of movement artifacts was 
verified by tapping the electrodes and by shaking the wires. Electrodes were 
placed according to the SENIAM recommendations 
(http://www.seniam.org) on the tibialis anterior (TA), peroneus brevis (PB), 
gastrocnemius lateralis (GL), soleus (Sol), vastus lateralis (VL) and biceps 
femoris (BF) muscles. The electrodes were connected to a MyoSystem 
1400L (Noraxon, USA) (gain: 60 dB; input impedance: 100 MΩ; common 
mode rejection ratio at 50-60 Hz: -100 dB; band-pass: 10-500 Hz). 
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f) Measurement of the acceleration inside the frame of the aircraft 
In the experimental conditions conducted in the aircraft performing either 
parabolic flight profiles (weightlessness) or turns (hypergravity), three 
accelerometers (DS-Europe, Milan, cut-off frequency of 2.5 Hz) were 
placed at the bottom of the experimental set-up and measured the three 
components of the acceleration relative to the reference frame of the 
aircraft. The acceleration along the axis perpendicular to the floor of the 
plane (av) was used for the calculation of the vertical acceleration of the 
COM of the subject. 
 
g) Parabolic flights 
In this study, weightlessness and hypergravity were produced by an aircraft 
undergoing parabolic flight profiles and turns, respectively. First the 
maneuvers generating weightlessness will be explained and second the 
maneuvers inducing hypergravity will be detailed.  
Before describing the parabolic flight maneuver that generates 
weightlessness inside the frame of the aircraft, the forces acting on an 
aircraft in steady horizontal flight are presented (Fig. 2.3). In steady flight, 
the weight of the aircraft is compensated by the lift provided by the pressure 
difference on the top and bottom sides of the wings. The drag due to air is 
compensated by the thrust of the engines to maintain the speed. The speed 
of the aircraft and the angle of attack of the wings determine the lift. The lift 
is increased when the angle of attack is increased and is nil at the ‘no-lift 
angle of attack’ which is negative for most aircrafts. 
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Fig. 2.3 The forces exerted on an aircraft: the weight is the downward force due to gravity, 
the lift is the upward force provided by the airflow around the wings, the drag is the 
backward force due to air friction and the thrust is the frontward force provided by the 
engines.  
 
Weightlessness is not achieved by suppressing the gravity force. 
Instead, weightlessness is achieved when the aircraft is only submitted to its 
weight, i.e. when the aircraft is in free-fall. Since the aircraft is accelerating 
at -1 g relative to the Earth, it follows a parabolic trajectory and the apparent 
gravity inside the frame of the aircraft falls to zero (Fig. 2.4). The trajectory 
of the parabola is determined by the initial speed of the aircraft and its angle 
with the horizontal. These values are adjusted to maximize the duration of 
the parabola, which is limited by the maximal speed that the aircraft can 
reach at the beginning of the parabola and the minimal speed needed to keep 
the aircraft under control at the top of the parabola. 
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Fig. 2.4 The upper panel illustrates the trajectory of the aircraft and the bottom panel 
presents the gravity inside the frame of the aircraft in the vertical (av, continuous curve) in 
the fore-aft (ax, dotted curve) and in the lateral (ay, dashed curve) directions as a function of 
time. The parabolic maneuver is composed of a ‘pull-up’ phase with hypergravity, a 
parabolic phase with microgravity (0 g) and a ‘pull-out’ phase with hypergravity. Some 
fore-aft accelerations are present during the hypergravity phases preceding and following 
the microgravity phase. Note that our experimental data are acquired during the parabolic 
phase in 0 g (grey box in the bottom panel) and that simulated gravity is provided by the 
SLS. 
 
At the start of the parabolic flight maneuver, the aircraft flies 
horizontally at a speed of 810 km h-1 at 6 km altitude. The first phase of the 
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maneuver, called the ‘pull-up’, lasts ~20 s. During the ‘pull-up’, the aircraft 
is pitched upward with full thrust to maximize its speed. Due to the 
centripetal force, a gravity of ~1.8 g is experienced inside the aircraft. At the 
end of the ‘pull-up’, the speed of the aircraft is decreased to 650 km h-1 and 
the aircraft is pitched at 47° nose up. At the beginning of the parabola, the 
pilots set the aircraft into a free-fall: the thrust of the engines is reduced so 
that it only compensates for the drag and the angle of attack of the aircraft is 
changed so that the lift stays nil. During this phase lasting 20 to 22 s, 0 g is 
experienced inside the aircraft as it is only submitted to its weight. In the 
middle of the trajectory, the aircraft reaches a horizontal position at the top 
of the parabola at 8.5 km altitude with a speed of 390 km h-1. Then the 
aircraft is pitched nose down and its speed increases until the aircraft 
reaches an angle of 42° nose down. At this moment, the 0 g phase ends, and 
the aircraft begins the ‘pull-out’ phase. During this third part of the 
maneuver that lasts ~20 s, the aircraft recovers and re-enters the horizontal 
flight position. Due to the centripetal acceleration, a gravity of ~1.8 g is 
again experienced inside the aircraft. 
The quality of the weightlessness periods is reported in the different 
Chapters by means of the three accelerometers described above (see above 
Point f.). Experiments are performed during the 0 g phases, and simulated 
gravity conditions are provided by the SLS. The experiments in hypergravity 
simulated by centrifugal forces are not performed during the ‘pull-up’ or 
‘pull-out’ as the fore-aft acceleration is not nil (Fig. 2.4, bottom panel).  
An ESA parabolic flight campaign is composed of 3 flights on 
consecutive days. During each flight, 31 parabolic maneuvers are performed 
and interspersed with 2 to 8 minutes of steady horizontal flight. The 
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experiments presented in this thesis were performed during the 55th, 56th, 
59th, 60th and 61th parabolic flight campaigns. During the 55th and the 56th 
parabolic flight campaigns, the 31 parabolas were followed by turn 
maneuvers generating constant hypergravity conditions of 1.2, 1.4 and 1.6 g.  
The turn maneuver is performed by inclining the aircraft with a roll 
angle of 40-55° and by following a circular trajectory. Due to the centripetal 
forces, hypergravity is experienced inside the aircraft (see Fig. 2.5 for a 
typical accelerometer data during a 1.4 g turn). The turn maneuver is 
performed at a constant speed of ~700 km h-1. To increase the magnitude of 
the centripetal forces (and thus the hypergravity level inside the aircraft), the 
pilot increases the roll angle to decrease the diameter of the circular 
trajectory. The lower the diameter of the circular trajectory, the greater the 
magnitude of the centripetal forces and thus, the greater the hypergravity 
level experienced inside the aircraft. The experiments were performed 
during the constant hypergravity period of ~50 s, as illustrated in Fig. 2.5. 
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Fig. 2.5 Gravity inside the frame of the aircraft in the vertical (av, continuous curve) in the 
fore-aft (ax, dotted curve) and in the lateral (ay, dashed curve) directions as a function of 
time. The turn maneuver is preceded and followed by steady horizontal flight. The data are 
acquired during the turn maneuver (grey box in the bottom panel). 
 
2.2 Experimental procedures 
The presentation of the participants enrolled in each part of this study is 
detailed in each Chapter. Participants were selected based upon the 
following criteria. They had to be in good physical condition and able to 
perform CMJs. They should not suffer from motion sickness and had to be 
able to sustain the ‘pull-up’ and ‘pull-down’ maneuvers in standing 
position. Due to the height of the aircraft cabin, subjects had to be smaller 
than 1.75 m with their shoes, which allowed a maximal jump height (Sz-max) 
of 0.35 m. Subjects provided their written informed consent and passed a 
class II medical examination prior to their enrollment. Experiments were 
performed according to the principles of the Declaration of Helsinki and 
were previously approved by the local ethics committee (“Commission 
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d’Ethique Biomédicale Hospitalo-Facultaire de l’Université catholique de 
Louvain”). 
The participants were trained to perform CMJs in the laboratory 
before participating in parabolic flight experiments. The experiments in the 
laboratory followed the same procedures and with the same experimental 
set-up as the experiments in weightlessness and in hypergravity. The 
subjects experienced at least 15 parabolas before participating in the 
weightlessness and hypergravity experiments. In this way the subjects were 
familiar to the unusual weightlessness and hypergravity environments. 
The participants were instructed to stand on the force platform, to 
perform a CMJ and to land (i.e. after TD, both feet had to stay in contact 
with the ground until the subject returned to the standing position). The 
participants were asked to push and land on both feet, to maintain their 
hands on their hips and to keep the gaze horizontal. For technical and safety 
reasons, subjects were instructed to jump without touching the ceiling of the 
cabin inside the aircraft. A trial was considered non-valid and was not 
analyzed if one of these instructions were not fulfilled. No instructions were 
given about the speed of execution of the movement, the height of the jump 
(except the limit fixed by the height of the cabin inside the aircraft) and the 
style of landing. After each CMJ, the participants were asked to stand 
immobile for a period of ~3 s. Then the sequence was repeated until the end 
of the recording period. The recording period was fixed to 30 s for all the 
experiments (except for hypergravity during turn maneuvers lasting 50 s), 
which allowed the execution of 2-5 CMJs in the laboratory or during the 
weightlessness periods of parabolic flights. Note that during the parabolas, 
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CMJs were executed only during the weightlessness periods of 20-22 s and 
not during ‘pull-up’ or ‘pull-out’ maneuvers. 
In Chapter 6, a trap-door system was implemented to the 
experimental set-up (see above Point c.). Note that the drop-landings with 
the trap-door system were analyzed only in microgravity conditions with the 
SLS. The experimental procedures described above are the same, except for 
the beginning of the recording period. Instead of starting on the force 
platform, the participants were standing on the trap door surface, 0.36 m 
above the surface of the force platform (Fig. 2.2, left). In the laboratory or at 
the onset of a weightlessness period, the participant had to tell an operator 
when she/he was ready. Then, the operator counted down: “3, 2, 1, 0”. At 
“0”, the operator pressed on a knob (Fig. 2.2, black arrow, left) that 
suddenly opened the trap-door system (Fig. 2.2, right), inducing the fall of 
the subject. The participant was asked to land on the force platform, to 
return to the standing position and stay immobile for ~3 s. Then, the 
participant was instructed to perform 1-3 CMJs interspersed by ~3 s of quiet 
standing posture. 
 
2.3 Data processing and analysis 
a) Acquisition and signal processing 
The vertical ground reaction force (Fz), the vertical pull-down force (Ft), the 
tangential acceleration of the steel-plates (for Chapter 6 only), the vertical 
acceleration of the aircraft (av), and the EMG signals were digitized with a 
16-bit resolution analog to digital convertor (NI PCI 6229, National 
Instruments, Austin, TX, USA) at a sampling frequency of 1000 Hz and 
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were synchronized to the camera images by means of a trigger signal. A 
custom software (LABVIEW 2010, National Instruments, Austin, TX, 
USA) was used to acquire and process data. 
 
b) Time division of the task 
For CMJs, the subject was standing on the force platform and generated an 
impulse to jump off the ground (see Fig. 1.1 for a typical CMJ on Earth). 
For the drop-landings, the subject was standing on the trap-door surface and 
fell when the trap-doors opened (Fig. 2.2). The aerial phase (taer) was 
defined as the period between take-off (TO) and touchdown (TD). For 
CMJs, TO was defined as the last point where Fz/BW > 0.01, where BW is 
the body weight on Earth. For drop-landings (Chapter 6), subjects were 
standing on the steel plates at the beginning of the trial, so the vertical 
ground reaction force was not available to determine TO. Thus, TO was 
defined as the last point where the acceleration induced by the SLS (Ft/m) 
was greater than the tangential acceleration of both steel plates, where m is 
the body mass. For both tasks, TD was defined as the last point where 
Fz/BW < 0.01. The downward taer was calculated as the time elapsed 
between Sz-max and TD, where Sz-max was the maximal height of the jump in 
CMJs. Note that in drop-landings, Sz-max was the height of the trap-door 
system and that there was no upward aerial phase, so the downward taer was 
equal to taer. 
Shortly after TD for both tasks, the momentum of the COM decreased, 
this negative work phase was divided into two parts: 
− land1 (Fig. 1.1), the period between TD and the moment at which the 
Fz reached its maximum (Fz-peak), and 
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− land2 (Fig. 1.1), the period between Fz-peak and the moment at which 
the COM reached its lowest point (Sz-min), i.e. when the vertical 
velocity of the COM and the kinetic energy are nil. 
The sum land1 + land2 is the eccentric phase during which negative 
work is done on the COM and is referred to as the landing period. At the 
end of the landing period, the kinetic energy of the COM is dissipated. After 
Sz-min, Sz increased until the COM reached its initial position. The COM 
deflection or the downward movement of the COM during land1 (ΔSz1), 
land2 (ΔSz2), and landing (ΔSz) was calculated as the difference between the 
last and the first value of Sz during each period. 
 
c) Impact force and loading rate of the vertical ground reaction force 
The maximum bone stress during landing is closely related to the maximum 
vertical ground reaction force (Fz-peak, see Fig. 1.1) occurring at heel strike. 
In the current study, we evaluated the impact force as Fz-peak /BW and the 
loading rate (LRz) as the slope of the linear regression of the Fz/BW-time 
curve during land1. 
 
d) Computation of the vertical acceleration, velocity and position of the 
COM 
The vertical acceleration (az), velocity (Vz) and position (Sz) of the COM 
were computed from the force recordings using the method of Cavagna 
(1975). For the recordings in the laboratory, the vertical acceleration of the 
COM (az) was computed as: 
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𝑎! =   𝐹! − 𝐵𝑊𝑚  
where Fz was the vertical component of the ground reaction force measured 
by the platform, BW the body weight of the subject and m the body mass of 
the subject. 
This method was modified for microgravity conditions as BW was replaced 
by the vertical pull-down force (Ft). We also took into account the small 
variations of the vertical acceleration of the aircraft (av): 𝑎! =   𝐹! − 𝐹! − 𝑎!𝑚𝑚  
In hypergravity conditions generated by turn maneuvers, the gravity was 
increased inside the aircraft and measured by the accelerometer. So az was 
computed as: 
𝑎! =   𝐹! − 𝑎!𝑚𝑚  
In hypergravity conditions in the laboratory simulated by the combination of 
the Earth’s gravity and the gravity simulated by the SLS, both the BW and Ft 
had to be taken into account. So az was computed as: 𝑎! =   𝐹! − 𝐵𝑊 − 𝐹!𝑚  
Then az was integrated numerically to determine the vertical velocity 
of the COM (Vz), plus the integration constant. For the CMJs, the integration 
constant was estimated on the assumption that the average vertical velocity 
of the COM was nil over the entire movement, i.e. from the initial standing 
position until the subject has returned to standing. For the drop-landings, the 
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integration constant was estimated on the assumption that the average 
vertical velocity of the COM was nil during the ~3 s of quiet standing 
posture after landing. 
Finally the vertical position of the COM (Sz) was computed by 
numerical integration of Vz. Note that for drop-landings, a value of 0.36 m 
(height of the trap-door surface relative to the surface of the force platform) 
was assigned to the first point of Sz. For both tasks, Sz = 0 corresponded to 
the standing position relative to the surface of the force platform. 
 
e) Assessment of the mechanical work done during landing to dissipate the 
energy gained during the fall 
On Earth, Zelik and Kuo (2012) defined the theoretical minimum amount of 
work necessary for landing as the gravitational potential energy (Ep) at the 
higher height reached by the COM relative to standing (Sz-max). In the 
experiments using the SLS, Ft slightly decreased during the fall and some 
energy was lost during downward taer. Therefore, we defined the theoretical 
minimum amount of work necessary to land as the total energy of the COM 
at the instant of TD (Etot-TD), which was the energy gained during the 
downward aerial phase of the jump. The total energy of the COM (Etot) was 
calculated as the sum of the gravitational potential energy (Ep = Ft Sz) and 
the kinetic energy (Ek = ½ m Vz2) of the COM. During landing, the vertical 
power of the COM was computed as Fz times Vz. The negative work 
performed during landing was calculated as the sum of the decrements of 
the time-integration of the vertical power spent to smoothen the vertical 
displacement of the COM. The extra work done by the COM (Wextra) was 
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calculated as the negative work performed during landing minus Etot-TD. All 
parameters were normalized by the body mass and are expressed in J.kg-1. 
 
f) Kinematic signal processing and assessment 
Coordinate of the reflectors in the sagittal plane were measured each frame 
using the Lynxzone software (ARSALIS, Belgium). A spline function was 
fitted through the experimental data to smoothen the signal and to 
interpolate existing points to obtain a 1000 Hz signal. The angle of the hip, 
knee, ankle joints (Fig. 1.2, left) and the orientation of the lower limb 
segments relative to the vertical (trunk, thigh, shank and foot) were 
calculated for each frame and will be presented at the instant of TD 
throughout this study. The range of motion of the joints (hip, knee and 
ankle) during land1 (RoM1), during land2 (RoM2) and during landing (RoM) 
was calculated as the difference between the maximal and the minimal joint 
angle measured during each of these phases. 
 
f) EMG signal processing and assessment 
The EMG signals were filtered using a fourth-order zero-phase shift 
Butterworth digital filter band-pass (20-500 Hz) and then rectified. For each 
subject in each experimental condition, these raw rectified EMGs were 
synchronized relative to TD and averaged point by point (subject’s mean 
trace). Then in each experimental condition, the grand mean trace of all 
subjects was obtained by averaging each subject’s mean trace over periods 
of 5 ms. This procedure permitted to assess the effect of the experimental 
condition on the pattern of the EMG activity. 
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The average EMG amplitude was calculated from the raw rectified 
EMGs for each subject (subject’s mean EMG amplitude) during 100 ms 
before TD (EMGpre) and during landing (EMGlanding). Then in each 
experimental condition, the grand mean EMG amplitude of all subjects was 
obtained by averaging each subject’s mean EMGpre and each subject’s mean 
EMGlanding. These variables assessed the quantity of muscular activity before 
TD (in preparation to the collision) and after TD during the negative work 
phase when the energy is dissipated (landing). 
The EMG onset latency was assessed with the method of Santello and 
McDonagh (1998) only for the 1 g condition in the laboratory. The 
difficulties encountered for the detection of EMG onset latencies in 
modified gravity conditions are reported in the Limitations section. 
 
2.4  Biomechanical model of landing 
When landing from a jump or a fall, the energy generated during the fall 
must be dissipated as the subjects were instructed to stop the movement and 
return to the standing position without another aerial phase after TD. 
Therefore, the simple spring-mass model does not apply to the 
biomechanics of landing and another model must be applied that may help 
to understand how landing is modified by the gravity constraints. 
The simple spring-mass model used in hopping and running assumes 
that the muscles, tendons and ligaments of the lower limbs act as a single 
linear spring of constant stiffness during the whole contact with the ground. 
In such motor actions, Fz increases while Sz decreases during the 
compression phase of the spring, then Fz decreases while Sz increases during 
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the extension phase of the spring. During landing, there is this spring 
compression phase from TD to Fz-peak: Fz increases while Sz decreases and 
one can observe a linear relationship between Fz (or az) and Sz (Fig. 2.6). In 
contrast, from Fz-peak to Sz-min, Fz decreases while Sz still decreases 
(Fig. 2.6), which does not correspond to the mechanical behavior of a spring 
and the energy is dissipated as observed in Fig. 1.1. 
 
 
Fig. 2.6 Left az as a function of Sz from TD until the subject has returned to standing (same 
trial as in Fig. 1.1 and Fig. 1.2). The spring-like phase is presented in black, and the 
damped-like phase is presented in blue; tFz-peak: time of Fz-peak; tSz-min: time of Sz-min. Right 
Scheme of a spring-mass (black) and of a damped harmonic oscillator (blue) 
 
The first critical observation of energy dissipation during landing is 
reported by Dyrhe-Poulsen et al. (1991) in comparing landing and hopping. 
The authors have calculated the instantaneous overall stiffness consisting of 
increments of vertical ground reaction force divided by increments in 
vertical displacement of the COM. This method assumes that the stiffness 
changes during a single contact with the ground, and they have observed 
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that the stiffness is negative after Fz-peak during landing whereas it is always 
positive during hopping. They suggest that the momentum of the body is 
probably transformed from strain to heat in the muscles during the stretch, 
and that the properties of the muscles change from a spring to a damping-
unit. 
Then, Newman et al. (1997) have proposed an alternative of the 
spring-mass model that incorporated energy dissipation. Their model 
assumes that the stiffness is not modulated during a single landing in 
contrast with the observations of Dyhre-Poulsen et al. (1991). Newman et 
al. (1997) have implemented a damped harmonic oscillator model consisting 
of a spring of constant stiffness in parallel with a damper of constant 
damping coefficient, as follows: 
az = k Sz + c Vz – g 
where k is the stiffness of the spring and c is the damping coefficient of the 
damper from TD until the subject returns to standing. Newman et al. (1997) 
have verified that the values obtained from their model are coherent with the 
movement of the COM calculated from the kinematics during landing. 
Unfortunately, Newman et al. (1997) have not provided the goodness of the 
fit, so it is unknown if this model represents the reality of a landing. 
From the observations of Dyhre-Poulsen et al. (1991), the model of 
Newman et al. (1997) and our observations, we propose a model intended to 
gain insights in the control of landing. From TD to Fz-peak, Ek and Vz still 
increase and then decrease, whereas Fz continuously increases and Sz 
continuously decreases. So this first part of the landing was modeled as a 
spring-mass system as follows: 
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az = k1 Sz  
where the stiffness of the spring (k1) is determined by the slope of the linear 
relationship of the az-Sz curve (Cavagna et al. 1988) (Fig. 2.6). After Fz-peak, 
Ek and Vz are reduced to zero when Sz-min is reached. After Sz-min, the COM 
moves back to the initial standing position (Fig. 1.1). This second part of the 
landing was modeled as a damped harmonic oscillator, as follows: 
az = k2 Sz + c2 Vz + intercept 
where the stiffness of the spring (k2) and the damping coefficient (c2) are 
determined by iteration (Gambelli et al. 2015). This model is compared to 
the model of Newman et al. (1997) in Chapter 4, and is further discussed in 
Chapter 5 to answer the questions: “Is the human body able to tune the 
stiffness of the lower limb muscles during a single landing?” and “Does this 
model characterize a landing?” 
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3 Hypothesis 
In this section, the experimental conditions (Fig. 3.1) assessed throughout 
this work will be presented, and the hypothesis will be formulated.  
 
 
Fig. 3.1 Description of the experimental conditions as a function of the gravity level. 
Squares and diamonds represent landings from counter-movement jumps (CMJs). In this 
task, subjects self-determine the height of jump by generating an impulse to jump off the 
ground (Chapters 4-6). Triangles represent landings from drops (DLs). In this task, 
subjects are dropped from a trap-door system at a height of 0.36 m above the landing 
surface (Chapter 6). Black symbols indicate that the gravity is applied to the whole body; 
white symbols indicate that the gravity is only applied to the trunk by means of a pull-down 
force generated by a subject loading system (SLS); black and white symbols indicate that 
part of the gravity is applied to the whole body and part of the gravity is generated by the 
SLS. Gravity conditions: 1) hypergravity simulated by centrifugal forces generated by turns 
of an aircraft; 2) hypergravity simulated by the SLS on Earth (1 g + SLS); 3) 1 g on Earth; 
4) microgravity simulated by the SLS in weightlessness (0 g + SLS); 5) 1 g on Earth; 6) 1 g 
in an aircraft at steady level flight; 7) and 8) same gravity conditions as in 4) (0 g + SLS). 
 
These experimental situations induce modifications of the 
proprioceptive and otolithic inputs as schematized in Fig. 3.2. 
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Fig. 3.2 Overview of the effect of experimental conditions on the proprioceptive (A) and 
otolithic inputs (B). Black dots: amount of downward acceleration applied on the whole 
body; unfilled black circles: amount of downward acceleration applied on the trunk via the 
SLS; unfilled red circles: amount of downward acceleration appplied on the trunk via the 
SLS without push-off on the ground to iniate the fall. 
 
In Chapter 4, we investigate the adaptation of the landing from a 
counter-movement jump (CMJ) to hypergravity constraints (from 1.2 g to 
1.6 g, where g = 9.81 m.s-1 is the magnitude of the gravitational acceleration 
constant on Earth) simulated in two different ways: 1) with an additional 
pull-down force generated by a subject loading system (SLS) and 2) with 
centrifugal forces generated by turns of an aircraft (Fig. 3.1, experimental 
conditions 1-2-3). In the first situation, the otolithic system is only 
submitted to 1 g (Fig. 3.2 B, unfilled black circles from 1.2 g to 1.6 g), but 
the proprioceptive system is submitted to 1 g + the additional acceleration 
generated by the SLS (Fig. 3.2 A, unfilled black circles from 1.2 g to 1.6 g). 
This first situation induces incongruent proprioceptive (1 g + SLS) and 
otolithic (1 g) inputs. In the second situation, both the otolithic and the 
proprioceptive systems are submitted to the increased gravity 
(Fig. 3.2 A & B, black dots from 1.2 g to 1.6 g). This second situation 
induces congruent proprioceptive (> 1 g) and otolithic (> 1 g) inputs. This 
increased downward acceleration could be experienced in roller coasters for 
a short duration, but not while jumping and landing. 
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The first objective of Chapter 4 is to explore the influence of 
increased gravity level on the motor control of landing by comparing to 
landing on Earth. The second objective is to confront the landing strategies 
in both situations: in the aircraft, hypergravity is applied on the whole body 
and the otolith organs, sensitive to linear accelerations, are submitted to an 
additional linear acceleration whereas in landing with the SLS, hypergravity 
is only applied to the trunk and the otolith organs are only submitted to the 
omnipresent gravity field on Earth. In this way, we are able to distinguish 
the effect of the gravity level and the effect of the altered otolithic inputs on 
the control of landing. The Chapter 4 is presented as published in Plos One 
(Gambelli et al. 2015). 
In Chapter 5, we investigate the motor control of landing from a 
CMJ in weightlessness induced by parabolic flights with various gravity 
levels generated by the SLS (Fig. 3.1, experimental conditions 3-4). In this 
situation, at any simulated gravity level, the otolithic system is submitted to 
0 g (Fig. 3.2 B, unfilled black circles from 0.2 g to 1 g) while the 
proprioceptive system is submitted to the magnitude of the pull-down force 
(Fig. 3.2 A, unfilled black circles from 0.2 g to 1 g). This situation induces 
incongruent proprioceptive (= SLS) and otolithic (0 g) inputs. In this case, 
the otolith organs detect the absence of linear acceleration in a static state, 
although the proprioceptive system is sensitive to the different gravity levels 
(from 0.2 g to 1 g).  
The first objective of Chapter 5 is to assess the effect of 
weightlessness (i.e. alteration of otolithic inputs) on the control of landing 
when comparing 1 g simulated by the SLS in weightlessness and 1 g on 
Earth. The second objective is to analyze the effect of decreasing the gravity 
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level on the control of landing by answering the question: “is it possible to 
land without rebounding from a lunar jump?” The Chapter 5 is presented as 
published in Journal of Applied Physiology (Gambelli et al. 2016). 
Then in Chapter 6, we focus on determining the importance of the 
push and the upward aerial phase when landing in similar gravity conditions 
as in Chapter 6 (Fig. 3.1, experimental conditions 7-8; Fig. 3.2, unfilled red 
circles from 0.2 g to 1 g). In Chapter 6, we compare landing from a CMJ 
and landing from a drop using a trap-door system.  
The first objective of Chapter 6 is to understand whether the push 
and the upward aerial phase of a jump is important to prepare the landing in 
an environment where sensory information is altered. The second objective 
is to determine if the control of landing is modified according to the amount 
of energy gained during the fall (Etot-TD). The Chapter 6 is presented as 
submitted to Journal of Applied Physiology. 
Finally a general discussion brings together the main findings of the 
thesis. Interesting perspectives and some limits will also be presented.  
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Abstract 14 
On Earth, when landing from a counter-movement jump, muscles contract 15 
before touchdown to anticipate imminent collision with the ground and 16 
place the limbs in a proper position. This study assesses how the control of 17 
landing is modified when gravity is increased above 1 g. Hypergravity was 18 
simulated in two different ways: (1) by generating centrifugal forces during 19 
turns of an aircraft (A300) and (2) by pulling the subject downwards in the 20 
laboratory with a Subject Loading System (SLS). Eight subjects were asked 21 
to perform counter-movement jumps at 1 g on Earth and at 3 hypergravity 22 
levels (1.2, 1.4 and 1.6 g) both in A300 and with SLS. External forces 23 
applied to the body, movements of the lower limb segments and muscular 24 
activity of 6 lower limb muscles were recorded. Our results show that both 25 
in A300 and with SLS, as in 1 g: (1) the anticipation phase is present; (2) 26 
during the loading phase (from touchdown until the peak of vertical ground 27 
reaction force), lower limb muscles act like a stiff spring, whereas during 28 
the second part (from the peak of vertical ground reaction force until the 29 
return to the standing position), they act like a compliant spring associated 30 
with a damper. (3) With increasing gravity, the preparatory adjustments and 31 
the loading phase are modified whereas the second part does not change 32 
drastically. (4) The modifications are similar in A300 and with SLS, 33 
however the effect of hypergravity is accentuated in A300, probably due to 34 
altered sensory inputs. This observation suggests that otolithic information 35 
plays an important role in the control of the landing from a jump. 36 
  37 
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4.1 Introduction 
Over millions of years, living organisms evolved to cope with Earth’s 
gravitational environment. Life under 1 g is especially challenging for 
beings practicing bipedal locomotion, such as Homo sapiens. For example, 
fluid flow in the human body is strongly influenced by gravity, and 
orthostatic regulation is one of the main functions of the autonomic nervous 
system. During daily living activities, the nervous system must constantly 
generate appropriate motor commands to ensure postural control and limb 
dynamics when the organism is submitted to external constraints, including 
the omnipresent gravity field (Crevecoeur et al. 2009). 
During landing from a jump, the lower limb muscles are activated to 
decelerate the downward motion of the body and dissipate the kinetic 
energy generated during the fall. A very simple task, such as landing from a 
vertical jump, involves a predictive behavior to place the limbs in a proper 
position and generate a muscular force to cope with the forthcoming impact 
forces (Jones and Watt 1971b; Santello 2005). Sensory information from the 
visual, vestibular and proprioceptive systems contribute to this predictive 
behavior. Indeed, the deprivation of visual and vestibular information in cats 
prevented them from correctly positioning their limbs and land on their 
paws (McKinley and Smith 1983).  
Furthermore, after touchdown, the strategy of movement will depend 
on the forthcoming motor task (e.g. landing followed or not by consecutive 
jump) and on the time-history and magnitude of the impact forces. When the 
subject is asked to execute repetitive jumps, the energy lost during landing 
may be partly stored into the muscle-tendon units to be re-used during the 
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following push-off. This situation can be compared to a mass mounted on a 
spring bouncing on the ground (Ferris and Farley 1997). However, when the 
subject is instructed to stand still after landing, the energy lost during the 
negative work phase must be dissipated to avoid rebounding on the ground. 
This last behavior does not correspond to a spring-mass bouncing on the 
ground, but rather to a mass mounted on a damper that dissipates the energy 
of the jump (Dyhre-Poulsen et al. 1991). 
When the height of the jump is increased, the vertical velocity of the 
center of mass (COM) at touchdown is greater, which in turn, induces 
higher impact forces during landing (Dufek and Bates 1990; Liebermann 
and Goodman 2007; Liebermann and Hoffman 2005; McNitt-Gray 1993; 
Santello and McDonagh 1998; Santello et al. 2001; Zhang et al. 2000). 
Adaptations to these increased loads involve increased range of motion and 
muscular negative work during landing, especially at the level of the knee 
and the hip (McNitt-Gray 1993; Zhang et al. 2000). Since the acceleration 
of gravity on Earth varies less than 0.4 % over the surface of the globe, 
humans only experience to fall at 1 g. Consequently, the gravitational 
acceleration is presumably perceived by the Central Nervous System (CNS) 
as a constant parameter to predict the instant of touchdown and the 
associated vertical velocity of the COM. Increasing gravity may affect those 
predictions, and in turn, the preparatory adjustments and the subsequent 
biomechanics of landing. 
 Hypergravity can be simulated by generating centrifugal forces in an 
aircraft that turns in circles. The resulting centripetal force induces an 
increased acceleration perpendicular to the floor of the plane, which is felt 
by the subject as an increased "downward" acceleration. In this way, the 
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whole gravity field seems to be enhanced and the greater pseudo-
gravitational constraint is applied to the whole body and generates unusual 
otolithic signals. When analyzing pointing movements in such an enhanced 
gravity field, Crevecoeur et al. (2009) suggest that the CNS takes into 
account the effect of increased gravity acting on the upper limbs and takes 
advantage of the dynamic interaction between the body and the 
environment. In such an environment, the gravitational receptor sensory 
signals from the otolithic organs are altered, while the semi-circular canal 
cues are presumably unaffected (Clark et al. 2015). 
Hypergravity can also be simulated into the laboratory by using a 
Subject Loading System (SLS) generating a force pulling the subject 
downward by means of a harness (Gosseye et al. 2010). In this case, the 
downward acceleration of the COM is increased but the limbs and the 
otolith organs are still submitted to 1 g. 
So far most studies investigating the biomechanics of landing from a 
jump have either used added mass (Gollhofer and Kyrolainen 1991; Kulas et 
al. 2008) or have manipulated jump/drop height (Arampatzis et al. 2003; 
Dufek and Bates 1990; Liebermann and Goodman 2007; Liebermann and 
Hoffman 2005; McNitt-Gray 1993; Mrdakovic et al. 2008; Santello and 
McDonagh 1998; Santello et al. 2001; Zhang et al. 2000). In these cases, the 
downward acceleration remains equal to 1 g. Only Avela et al. (1994) and 
Kramer et al. (2012) have used hypergravity simulators similar to the SLS to 
study drop jumps and reactive hops, respectively. 
In this study, hypergravity is simulated in two ways: first during 
turns when flying in the A300 ZERO-G aircraft (A300-condition), and 
second, using a SLS (Gosseye et al. 2010) generating an pull-down force 
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applied to the trunk (SLS-condition). The first aim of this study is to explore 
the influence of increased gravity on the motor control of landing from a 
counter-movement jump (CMJ) without rebounding. Therefore, the 
biomechanics of landing at 1.2 g, 1.4 g and 1.6 g are compared with landing 
at 1 g. The second objective is to confront the landing strategies in the 
A300- and in the SLS-conditions. We hypothesize that the way hypergravity 
is simulated will modify the landing pattern, given the different sensory 
signals provided to the CNS in the two situations. A mechanical model is 
also developed to describe the biomechanics of landing without rebound at 
different hypergravity levels. 
 
4.2 Materials and Methods 
a) Subjects and experimental procedures 
Eight healthy subjects (Table 4.1) participated to the study. Subjects were 
physically active and did not regularly practice sports involving jump-
landing tasks. Each participant passed a class II medical examination prior 
to their enrolment. Experiments were performed according to the principles 
of the Declaration of Helsinki and were previously approved by the local 
ethics committee (“Commission d’Éthique Biomédicale Hospitalo-
Facultaire de l’Université catholique de Louvain”, (2011/15JUI/322, 
Belgian Registration Number: B403201111769). Subjects provided their 
written informed consent prior to participating in the study, following a 
procedure sanctioned by the ethics committee. 
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Subject 1 (♀( 2 (♂( 3 (♀) 4 (♀) 5 (♂) 6 (♂) 7 (♂) 8 (♂) 
Age (yo) 25 23 45 23 23 42 24 59 
Height (m) 1.62 1.72 1.69 1.65 1.69 1.71 1.76 1.72 
Weight (kg) 50.0 64.0 60.0 54.0 63.0 75.5 66.0 73.0 
Conditions Number of trials analyzed 
1 g 6 (6) 6 (6) 6 (6) 6 (6) 6 (6) 6 (6) 6 (6) 6 (6) 
                         A300 
1.2 g 6 (4) 6 (5) 6 (5) 6 (4) 6 (6) 6 (6) 6 (6) 6 (6) 
1.4 g  6 (3) 6 (5) 5 (5) 6 (5) 6 (6) 6 (6) 6 (4) 6 (0) 
1.6 g 4 (2) 6 (5) 3 (3) 4 (2) 4 (4) 6 (6) 6 (3) 6 (6) 
                         SLS 
1.2 g 6 (6) 6 (6) 6 (6) 6 (6) 6 (6) 6 (6) 6 (6) 6 (6) 
1.4 g 6 (6) 6 (6) 6 (6) 6 (6) 6 (6) 6 (6) 6 (6) 6 (6) 
1.6 g 6 (6) 6 (6) 6 (6) 6 (6) 6 (6) 6 (6) 6 (6) 6 (6) 
Table 4.1 Population characteristics, number of trials per experimental condition and 
number of trials per experimental condition where kinematics data were available (in 
parenthesis) for each subject. 
 
Each subject underwent two experimental sessions. During the first 
session, hypergravity was simulated by a Subject Loading System (SLS-
condition). During the second session, hypergravity was simulated during 
turns of an aircraft (A300-condition). During both sessions, participants 
were instructed to start from a standing position, to perform a CMJ and to 
land without rebounding (i.e. after touchdown, both feet had to stay in 
contact with the ground until the subject returns to its initial standing 
position). Subjects were asked to push and land on both feet, to maintain 
their hands on their hips and keep the gaze horizontal. A trial was 
considered non-valid if one of these instructions were not fulfilled. No 
directives were given about the speed of execution of the movement, the 
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height of the jump and the style of landing. After each CMJ, the subjects 
were asked to stand immobile for a period of ~3 s. Then the sequence was 
repeated until the end of the recording period. 
 
b) Simulation of hypergravity 
A300-gravitational environment 
The A300-sessions were performed in the Airbus A300 ZERO-G aircraft 
owned by NOVESPACE and based in Bordeaux (France). These sessions 
took place during the 55th and 56th ESA Parabolic Flight Campaigns 
organized by the European Space Agency (ESA). Each campaign consisted 
of three flights; each flight started with 31 parabolic maneuvers that 
generated sequences of 20 s of hypergravity (1.8 g), followed by about 22 s 
of weightlessness before another period of 20 s of hypergravity at 1.8 g. Our 
experiments took place during turns following the parabolic maneuvers. 
Each turn of the aircraft lasted ∼50 s, and generated centrifugal forces to 
simulate hypergravity. For safety reasons required by the flight plan, 
hypergravity levels were progressively increased: starting with 1.2 g during 
the first turn, then 1.4 g during the next turn and finally 1.6 g. One or two 
subjects participated in each flight. Each subject underwent one turn per 
gravity level. During each turn, the subject performed 6-10 CMJs. Each turn 
was interspersed by a period of 5 minutes at 1 g during which subjects could 
rest. Note that during the A300-session, CMJs at 1 g were not performed. 
Three accelerometers (DS-Europe, Milan, cut off frequency of 2.5 
Hz) placed at the bottom of the experimental set-up measured the three 
components of the acceleration relative to the reference frame of the 
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aircraft: the mean values of the acceleration along the axis perpendicular to 
the floor of the plane (az-A300) were respectively 1.21±0.01 g (mean ±S.D.), 
1.41 ±0.01 g and 1.61 ±0.01 g. 
 
SLS-gravitational environment 
The SLS-sessions were performed in the laboratory, a few weeks prior the 
parabolic flight campaign. The Subject Loading System, similar to the one 
described by Gosseye et al. (2010), consisted of two pneumatic pistons, 
generating a pull-down force transmitted to a harness on either side of the 
subject (Fig. 4.1, left). The harness was a copy of the one used in the MIR 
station by the Russian Federal Space Agency (ROSCOSMOS). It was 
composed of a large pelvic belt and adjustable shoulder straps, distributing 
the pull-down force between the hips and the shoulders. The harness did not 
constrain any movements of the lower and upper limbs. Each rope passed 
through a pulley mounted on a ball bearing below the landing surface; the 
pulleys were equipped with a force transducer measuring the vertical 
component of pull-down force in the rope (Ft). Slight variations in Ft were 
observed, due to friction and inertia in the pistons, as well as pressure drops 
in the pneumatic system: Ft was greater than the expected value when the 
subject moved upward (+0.08±0.02 g in 1.2 g-SLS, +0.12±0.02 g in 1.4 g-
SLS and +0.14±0.03 g in 1.6 g-SLS) and smaller when the subject moved 
downwards (-0.01±0.01 g in 1.2 g-SLS, -0.02±0.02 g in 1.4 g-SLS and -
0.03±0.02 g in 1.6 g-SLS). The mean value of Ft calculated from the 
beginning until the end of the jumps performed was 0.22±0.01 BW 
(mean±S.D.) for the 1.2 g-SLS, 0.43±0.02 BW for the 1.4 g-SLS and 
0.63±0.01 BW for the 1.6 g-SLS, where BW is the body weight on Earth. 
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Prior to the SLS-session, subjects performed several CMJs at 1 g (i.e. 
without SLS) to familiarize with the procedures. Then the following 6 CMJs 
were recorded as reference traces. These were followed by CMJs with the 
SLS. As during the A300-sessions, the magnitude of Ft was set to simulate 
first 1.2 g, then 1.4 g and finally 1.6 g. For each subject, a minimum of 9 
CMJs was recorded at each gravity level. A 1 minute rest period was 
provided every 3 CMJs. 
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Fig. 4.1 Experimental set-up (left) and typical trace in 1 g (right). Left: scheme of the 
experimental set-up in the laboratory to simulate hypergravity. The additional pull-down 
force simulating hypergravity was generated by two pneumatic pistons placed horizontally 
on each side of the subject under the ground level. The force generated by each piston was 
transmitted to the harness by a rope, which passed through two pulleys. A first pulley, 
moving horizontally, doubled the movement of the harness as compared to the piston. A 
second pulley changed the direction of the force from horizontal to vertical. A force 
transducer placed at the level of this last pulley measured the tension in the rope and a 
force-plate measured the ground reaction forces under the feet (for more details see 
Methods). Right: typical trace of one subject (60 kg, 1.69 m, 46 yo) in 1 g in the 
laboratory: the vertical component of the ground reaction force (Fz normalized in BW), the 
vertical acceleration (az), velocity (Vz) and displacement (Sz) of the COM are expressed as a 
function of time, from 500 ms before take-off (TO) until 500 ms after touchdown (TD). The 
jump is divided into sub-periods: the instant of TO and the instant of TD delimit the aerial 
phase (taer). The land1 is the period between TD and the moment at which the vertical force 
reaches its peak (Fz-peak); land2 is the period between the time of Fz-peak and the moment at 
which the COM reaches its lowest vertical position (Sz-min). The dotted line on the az-time 
curve during land1 represents the function computed from a spring-mass model. The black 
interrupted line after land1 represents the function computed from a damped harmonic 
oscillator model (see Methods). 
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c) Experimental set-up 
Measurement of the vertical ground reaction force 
The vertical and fore-aft component of the ground reaction force were 
measured by means of a 0.6 x 0.4 m platform, instrumented with strain 
gauges (Schepens et al. 1998), during SLS-sessions and during the 56th ESA 
Parabolic Flight Campaign, or with piezoelectric sensors (KISTLER), 
during the 55h ESA Parabolic Flight Campaign. In this study, only the 
vertical component of the force (Fz) was used for analysis. 
 
Measurement of the kinematics of the lower limb segments 
The movements of the left lower limb segments were measured in the 
sagittal plane by means of a high-speed video camera (BASLER piA640-
210, resolution 486 x 646 pixels). The camera was fixed 3 m to the side of 
the force platform perpendicular to the sagittal plane. The camera field 
encompassed about 1.7 x 2.4 m, allowing the measurement of the body 
segments during the whole CMJ. Images were sampled at a rate of 100 Hz. 
Reflective markers were taped on the skin on the left side of the subject, at 
the level of the chin-neck intercept, the greater trochanter, the upper part of 
the lateral side of the thigh, the external femoral condyle, the lateral 
malleolus, and the fifth metatarsal phalangeal joint (Fig. 4.1, left). This 
procedure assumed that the movements of both lower limbs were identical. 
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Measurement of the electromyographic activity  
The muscular activity of six muscles of the left lower limb was recorded by 
means of electromyography (EMG) using bipolar electrodes (IMMED E111, 
diameter: 30 mm, inter-electrode distance: 20 mm). This procedure assumed 
that the muscular activity of both lower limbs were identical. The skin was 
cleaned with ether and alcohol before applying the electrodes. Absence of 
movement artifacts was verified by tapping the electrodes and by shaking 
the wires. Electrodes were placed according to the SENIAM 
recommendations (http://www.seniam.org) on the tibialis anterior (TA), 
peroneus brevis (PB), gastrocnemius lateralis (GL), soleus (Sol), vastus 
lateralis (VL) and biceps femoris (BF) muscles. The electrodes were 
connected to a MyoSystem 1400L (Noraxon, USA) (gain: 60 dB; input 
impedance: 100 MΩ; common mode rejection ratio at 50-60 Hz: -100 dB; 
band-pass: 10-500 Hz). 
 
d) Acquisition and signal processing 
The force and EMG signals were digitized with a 16-bit A/D convertor (NI 
PCI 6229, National Instruments, Austin, TX, USA) at a sampling frequency 
of 1000 Hz. The A/D convertor was synchronized with the camera by means 
of a trigger signal. Acquisition and signal processing were performed using 
custom software (LABVIEW 2010, National Instruments, Austin, TX, 
USA). 
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Computation of the vertical acceleration, velocity and displacement of 
the COM 
The vertical acceleration, velocity and displacement of the COM were 
computed from the force recordings (Cavagna 1975; Schepens et al. 1998). 
Each jump started with the subject standing still prior to the initiation of the 
CMJ, and ended when the subject returned to his/her initial upright position; 
i.e. when the vertical position of the marker on the chin-neck intercept at the 
end of the CMJ was within ± 0.03 m of its position at the beginning. 
In 1 g in the laboratory, the vertical acceleration of the COM (az) was 
computed as:  𝑎! = (𝐹! − 𝐵𝑊) 𝑚 
where m is the body mass and BW is the body weight on Earth. In A300-
condition, az was computed as:  𝑎! = (𝐹! − 𝑎!!!"##𝑚) 𝑚, 
and in SLS-condition, az was computed as:  𝑎! = (𝐹! − 𝐵𝑊 − 𝐹!) 𝑚. 
The time-integration of az from the beginning to the end of the jump 
resulted in the vertical velocity of the COM (Vz). Since the average vertical 
velocity was nil over the entire jump, the integration constant was set to 
zero. The time-integration of Vz yielded the vertical displacement (Sz) of the 
COM (Sz=0 corresponded to the standing position).  
 
  67 
Time-division of the CMJ  
The right part of Fig. 4.1 presents the az, Fz/BW, Vz and Sz-time curves 
during a CMJ in the 1 g-condition (i.e. in the laboratory, without harness). 
Take-off (TO) was determined as the last point where Fz/BW > 0.01 and 
touchdown (TD) as the last point where Fz/BW < 0.01. 
Before TO, the subject generated an impulse to jump off the ground 
and the momentum of the COM increased. The aerial phase (taer) was 
defined as the period between TO and TD. Shortly after TD, the momentum 
of the COM decreased, this negative work phase was divided into two parts: 
- land1 (Fig. 4.1), the period between TD and the moment at which the Fz 
reached its maximum (Fz-peak); in this phase, Fz increased while Sz 
decreased, and 
- land2 (Fig. 4.1), the period between Fz-peak and the moment at which the 
COM reached its lowest point (Sz-min; i.e. when Vz is nil). In this phase, Fz 
decreased while Sz still decreased. 
The sum land1 + land2 is referred to as the landing period. After land2, Sz 
increased until the COM reached its initial standing position. 
 
Modeling landing without rebound  
To understand the influence of hypergravity on the measured variables 
(kinetic, kinematics and EMG), a simple model was designed using the 
time-division presented above. To our knowledge, only few studies 
implemented models that took into account energy dissipation during 
landing. As suggested by Dyhre-Poulsen et al. (1991), muscle behavior 
  68 
should change during landing from a spring to a damper to dissipate the 
energy and to avoid rebound after TD. Therefore, we divided the landing 
phase into two parts: during land1, muscles were acting like a spring and 
during land2 until the end of the jump, muscles were acting like a damped 
harmonic oscillator. 
During land1, the mass-specific overall stiffness (k1) of the spring-
mass system was calculated as the slope of the az-Sz curve, computed by a 
linear regression. During the second part of landing, the mass-specific 
overall stiffness (k2) and the mass-specific damping coefficient (c2) of the 
system were estimated using a regression model. At each instant i, the 
general equation of a damped harmonic oscillator was given by: 𝑎!(𝑖) = 𝑘!𝑆!(𝑖)+ 𝑐!𝑉! 𝑖 + 𝑖𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡, 
where az(i), Sz(i) and Vz(i) were the experimental data at the instant i. In this 
way, n equations were produced, where n was the number of samples of the 
second part of the landing. This set of equations resulted in an over-
constrained system from which we searched the least square solution, to 
obtain k2 and c2. 
 
Kinematic signal processing 
Coordinates of the reflectors in the sagittal plane were measured each frame 
using the Lynxzone software (ARSALIS, Belgium). A spline function was 
fitted through the experimental data to smoothen the signal and to 
interpolate existing points to obtain a 1000 Hz signal. The joint angles were 
calculated on each frame (Santello et al. 2001) and the range of motion 
during land1 (RoM1) and land2 (RoM2) was calculated as the difference 
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between the maximal and the minimal joint angle measured during each of 
these phases. When the marker on the left greater trochanter was hidden by 
the harness, its position was calculated from the orientation of the segment 
defined by the marker on the femoral condyle and the marker on the lateral 
side of the thigh (Fig. 4.1, left) and from the distance between the reflective 
markers measured with an anthropometer prior to the experiment. In the 
A300, due to technical issues kinematics could not be recorded during some 
trials (Table 4.1). 
 
EMG signal processing 
The EMG signals were filtered using a fourth-order zero-phase-shift 
Butterworth digital filter band-pass (20-500 Hz) and then rectified. For each 
subject in each experimental condition, these raw rectified EMGs were 
synchronized relative to TD and averaged point by point (subject's mean 
trace). Then in each experimental condition, the grand mean trace of all 
subjects was obtained by averaging the subject's mean trace over periods of 
5 ms. 
In the 1 g-condition, an EMG 'silent phase' was generally present 
during the aerial phase, between the end of the 'push-off contraction' and the 
onset of the 'pre-landing contraction'. The pre-landing activation was 
defined as the period between the time at which muscle initiate contraction 
during the aerial phase and TD. It was determined jump by jump using the 
method of Santello and McDonagh (1998). In hypergravity, since the aerial 
phase became shorter, the 'silent phase' tended to disappear, which made the 
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detection of the onset of the pre-landing activity unreliable. Therefore this 
variable was not measured in the SLS and A300-conditions. 
 
Data reduction and statistics 
When jumping in hypergravity (both in A300- and SLS-conditions), we 
observed a posteriori an adaptation during the three first jumps. Since our 
study is intended to analyze the modifications of the control of jumping with 
increased gravity in a 'steady state' condition (and not during the transition 
between one gravity level and another), the first 3 trials of each 
experimental condition were systematically discarded and kept for further 
analysis. Only the subsequent trials were analyzed: 6 trials were analyzed in 
the SLS-condition whereas only 3-6 trials could be analyzed in the A300-
condition (Table 4.1). In order to check if the trials analyzed were realized 
in steady state, a linear regression on the jump height vs trial number was 
performed. The regression analysis revealed that the slope of the linear fit 
was never significantly different from zero for each subject in each 
experimental condition. 
The statistical analysis was designed to assess the effect of the 
gravity level (1, 1.2, 1.4 and 1.6 g) of the gravitational environment (A300 
or SLS) and of the interaction between gravity level and gravitational 
environment. Since no CMJ could be recorded at 1 g during the A300-
session, the 1 g-condition performed in the laboratory was taken as the 
reference both for the A300- and SLS-conditions. As the landing strategy 
may differ from one subject to another, a within-subject Analysis of 
Variance (ANOVA) was selected. Specifically, a two-level linear mixed 
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model ANOVA with Bonferroni post-hoc tests was applied. Gravitational 
environment and gravity level were set as fixed effects, and the subject was 
set as a random effect on a total of 374 trials (48 trials in 1 g-condition, 
duplicated, plus 134 trials in A300- and 144 in SLS-condition). The 
normality of the residuals was checked visually with QQ-plots. In addition, 
normality of the residuals was not assumed if asymmetry was superior than 
1.5 (or inferior than -1.5). Normality of the residuals was not assumed for 3 
variables (land2, landing, and k1). In those cases, a log10 transform was 
applied. Normality of the residuals was then rechecked and was not 
assumed for k1. In this particular case, a reciprocal transform was applied 
and normality of the ensuing residuals was assumed. The significance level 
was fixed at p<0.05. 
The trials of each subject in each experimental condition were 
averaged. The mean and standard deviation of the ensuing averages were 
then calculated (grand mean) and are presented in the results and figures. 
 
4.3 Results 
a) Landing from a CMJ in 1 g 
The left column of Fig. 4.2 presents typical traces of a CMJ performed at 
1 g. At first, the subject stands still in an upright position. During the 
impulse, the subject squats and extends the lower limbs. The vertical 
velocity of the COM (Vz) reaches a maximum slightly before TO. On the 
average, the aerial phase (taer) lasts 402±34 ms (grey symbol in Fig. 4.3). 
During taer, Vz decreases and increases linearly with a slope of -1 g (Fig. 4.2) 
and Sz reaches a maximum of 0.30±0.04 m (Fig. 4.3). The hip, knee and 
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ankle start to flex before TD (Fig. 4.2). The PB, GL and TA muscles are first 
activated about 100 ms before TD (respectively 106±27 ms, 104±25 ms and 
82±23 ms); then the BF and Sol muscles are activated about 70 ms before 
TD (respectively 72±32 ms and 67±23 ms) and at last, the VL muscle is 
activated about 20 ms before TD (24±14 ms) (Fig. 4.4). 
At TD, the vertical velocity of the COM is equal to 2.0±0.2 m s-1 (Vz-
TD in Fig. 4.3) and the COM is ~0.10 m higher than during standing 
(Fig. 4.2). The angle of the hip, knee, and ankle are 156±5 °, 148±4 ° and 
124±6 °, respectively (Fig. 4.5). All subjects first touched the ground with 
the forefoot and then the heel touched the ground. After TD, Vz still 
increases during ~30 ms (Fig. 4.2) and Fz reaches its maximum Fz-peak= 
3.4±0.8 BW (Fig. 4.3) on the average 86±18 ms after TD (see duration of 
land1 in Table 4.2). During land1, Sz decreases by 0.16±0.03 m (Table 4.2) 
and the range of motion of the hip, knee, and ankle (RoM1) is respectively 
21±4°, 32±5° and 31±7° (Fig. 4.5). After Fz-peak, the lower limb joints are 
still flexing (Fig. 4.2). During land2, Sz decreases by 0.11±0.04 m 
(Table 4.2) and the range of motion of the hip, knee, and ankle (RoM2) is 
respectively 19±11 °, 16±6 ° and 4±2 ° (Fig. 4.5). Note that most of the 
vertical displacement of the COM and most of the range of motion of the 
lower limb joints take place during land1. At the end of landing phase, the 
subject returns to his initial standing position. 
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Fig. 4.2 Counter-movement jump in 1 g and 1.6 g. Typical traces of the kinetics and 
kinematics as a function of time, during a counter-movement jump (CMJ) of a female 
subject (54 kg, 1.65 m, 23 yo). Left: 1 g, middle: 1.6 g-A300, right: 1.6 g-SLS. Traces 
start when the subject initiates the CMJ, and end when the subject returns to the standing 
position. Three top panels: (from top to bottom): vertical component of the ground 
reaction force (Fz normalized in BW on Earth), vertical velocity (Vz) and vertical 
displacement (Sz) of the COM. On the Fz/BW trace, the horizontal dotted line indicates: BW 
at 1 g (left), 1.6 BW in the A300-condition (middle) and Ft in the SLS-condition (right). 
Three bottom panels: (from top to bottom): angle of the left hip, knee and ankle joints. 
The vertical dotted lines indicate the instant of touchdown (TD). 
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Fig. 4.3 Effect of the experimental conditions on kinetic variables. The aerial time (taer), the 
maximal height of the jump (Sz-max), the vertical velocity of the COM at TD (Vz-TD) and the 
maximal vertical ground reaction force normalized by body weight on Earth. (Fz-peak/BW) 
are plotted as a function of the gravity level. Points represent the grand mean of all subjects 
± one standard deviation. Grey symbol are for the 1 g-condition in the laboratory; black 
symbol are for the SLS-condition and white symbol for the A300-condition. In each panel, 
G indicates a significant effect of gravity, E the effect of the experimental condition (A300 
or SLS) and GxE the interaction between gravity and experimental condition (p<0.05). 
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Fig. 4.4 Effect of the experimental conditions on the EMG-pattern. EMG-patterns of soleus 
(Sol), tibialis anterior (TA), gastrocnemius lateralis (GL), peroneus brevis (PB), vastus 
lateralis (VL) and biceps femoris (BF) muscles are presented from 450 ms before TD to 
250 ms after TD. Positive traces are for the 1 g and the SLS-conditions and negative traces 
for the A300-condition. Black line is for 1 g; blue lines are for 1.2 g, green for 1.4 g and red 
for 1.6 g. Traces are the grand mean of the eight subjects averaged over periods of 5 ms and 
are synchronized to TD (vertical interrupted line). Dotted vertical colored lines correspond 
to the TO (same color than the curves) in each condition. 
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Fig. 4.5 Effect of the experimental conditions on the kinematics of the lower limb joints. 
Top panels: Angle of the hip, knee and ankle joint at TD, Middle panels: range of motion 
of the lower limb joints during land1 (RoM1), Bottom panels, from left to right: range of 
motion of the lower limb joints during land2 (RoM2). Other indications as in Fig. 4.3. 
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b) Effect of increased gravity level 
The middle and right columns of Fig. 4.2 present typical traces performed at 
1.6 g in both experimental conditions (A300 and SLS). As compared to 1 g, 
the general pattern of the CMJ does not seem drastically modified; however 
at first glance one can observe that the aerial phase is shorter and that the 
height of the jump is reduced. Fig. 4.3 shows that when gravity increases, 
taer is reduced from ~400 ms at 1 g to less than ~200 ms at 1.6 g and that Sz-
max decreases from ~0.3 m to ~0.15 m. At TD, Vz-TD is reduced, however 
Bonferroni post-hoc test reveals no significant differences between 1.4 g 
and 1.6 g (in Fig. 4.3), and the lower limb joints are more flexed (Fig. 4.5). 
With increased gravity, land1 is reduced (Table 4.2) and Fz-peak is 
augmented (Fig. 4.3). During land1, the vertical displacement of the COM 
(∆Sz1 in Table 4.2) and the RoM1 of the lower limb joints (Fig. 4.5) are 
reduced with increased gravity. During land2, ∆Sz2 increases with gravity 
(Table 4.2), however Bonferroni post-hoc test reveals that only ∆Sz2 at 1 g 
is different from the other gravity levels. Except for the ankle, RoM2 is not 
modified by hypergravity (Fig. 4.5). Detailed F, p and partial eta2 values in 
increased gravity (G), in the two experimental conditions (E), and 
interaction between G and E are presented in Table 4.3. 
Fig. 4.4 illustrates how the EMG time-pattern is related to the instant 
of TO and TD. In each condition, the EMG pattern of each muscle can 
roughly be superimposed between ~100 ms before and ~100 ms after TD. 
This qualitative assessment suggests that within a session (A300 or SLS) 
both the time-pattern and the activation of the muscles are similar whatever 
the gravity level. Both TA and BF muscles are activated continuously during 
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the aerial phase in hypergravity and the amplitude of this activity seems to 
increase with increased gravity level. 
 
c) Effect of the experimental condition (A300 vs SLS) 
In both experimental conditions (A300 and SLS), hypergravity modifies 
most of the variables measured. However, the magnitude of these changes 
are not always the same in the two experimental conditions. As compared to 
the SLS, taer is increased in the A300 while Sz-max is similar (Fig. 4.3). At TD, 
Vz-TD is higher in A300 and the lower limb joints are more flexed (Fig. 4.5). 
In A300, the duration of land1, ∆Sz1 (Table 4.3) and RoM1 (Fig. 4.5) are also 
reduced, as compared to SLS. At the end of land1, Fz-peak is higher in A300. 
During land2, there is an effect of the experimental condition on RoM2 at the 
level of the hip and the ankle, but not at the level of the knee (Fig. 4.5). In 
both A300 and SLS, muscles are active before and after TD, however, in 
A300 the EMG activity after TD seems enhanced, as compared to SLS (Fig. 
4.4).  
 
  80 
Variable G (F / p / partial eta2 
values) 
E (F / p / partial eta2 
values) 





F(3,359) F(1,359) F(3,359) 
gravity (g) 26215.6 / <0.001 / 0.995 47.3 / <0.001 / 0.116 8.3 / <0.001 / 0.064 
land1 (ms) 59.8 / <0.001 / 0.333 117.2 / <0.001 / 0.246 14.1 / <0.001 / 0.105 
land2 (ms)$ 17.5 / <0.001 / 0.128 7.4 / 0.007 / 0.020 1.8 / 0.146 / 0.015 
landing (ms)$ 9.2 / <0.001 / 0.071 0.0 / 0.991 / <0.001 1.4 / 0.254 / 0.011 
taer (ms) 3413.5 / <0.001 / 0.966 137.2 / <0.001 / 0.276 18.2 / <0.001 / 0.132 
Sz-max (m) 694.4 / <0.001 / 0.853 3.9 / 0.048 / 0.011 1.0 / 0.372 / 0.009 
Vz-TD (m.s-1) 89.3 / <0.001 / 0.427 57.6 / <0.001 / 0.138 7.0 / <0.001 / 0.055 
Fz-peak/BW 84.2 / <0.001 / 0.413 180.3 / <0.001 / 0.334 22.4 / <0.001 / 0.157 
∆Sz1 (m) 135.8 / <0.001 / 0.532 51.7 / <0.001 / 0.126 6.5 / <0.001 / 0.051 
∆Sz2 (m) 16.3 / <0.001 / 0.120 79.4 / <0.001 / 0.181 9.1 / <0.001 / 0.070 
∆Sz (m) 24.2 / <0.001 / 0.168 15.3 / <0.001 / 0.041 1.9 / 0.133 / 0.015 
k1(s-2)* 161.4 / <0.001 / 0.574 84.6 / <0.001 / 0.191 11.5 / <0.001 / 0.088 
k2 (s-2) 0.7 / 0.562 / 0.006 0.8 / 0.361 / 0.002 0.4 / 0.718 / 0.004 




F(3,332) F(1,332) F(3,332) 
Hip angle TD 23.8 / <0.001 / 0.117 110.0 / <0.001 / 0.249 15.5 / <0.001 / 0.123 
Knee angle TD 17.4 / <0.001 / 0.137 80.6 / <0.001 /0.196 9.9 / <0.001 / 0.082 
Ankle angle TD 51.5 / <0.001 / 0.317 73.6 / <0.001 / 0.179 10.5 / <0.001 / 0.086 
Hip RoM1 35.3 / <0.001 / 0.242 14.5 / <0.001 / 0.041 2.3 / 0.074 / 0.021 
Knee RoM1 85.9 / <0.001 / 0.437 58.4 / <0.001 / 0.149 7.7 / <0.001 / 0.065 
Ankle RoM1 109.9 / <0.001 / 0.498 204.2 / <0.001 / 0.380 25.2 / <0.001 / 0.185 
Hip RoM2 0.6 / 0.595 / 0.006 19.3 / <0.001 / 0.055 3.1 / 0.028 / 0.027 
Knee RoM2 2.1 / 0.098 / 0.019 0.1 / 0.774 / <0.001 0.3 / 0.850 / 0.002 
Ankle RoM2 6.8 / <0.001 / 0.058 8.8 / 0.003 / 0.026 1.2 / 0.301 / 0.011 
Table 4.3 Statistical analysis: effect of the gravity G (1 g, 1.2 g, 1.4 g and 1.6 g), of the 
experimental condition E (SLS or A300), and of the interaction between G and E. 
$ indicates that a log10 transform was applied to the variables, * indicates that a reciprocal 
transform was applied to the variable, as the normality of the residuals was not assumed.  
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d) Modeling the landing without rebound 
In Fig. 4.1, the interrupted lines drawn on the upper trace after TD 
represents the interaction between the COM and the landing surface, 
computed with the model described in the Methods section. In the 1 g-
condition, the spring-mass model during land1 shows a good correlation 
with the experimental data (r2 = 0.91±0.08, n = 48). Similarly, the damped 
harmonic oscillator model during land2 until the end of the jump fits well 
with the experimental data (r2 = 0.89±0.07, n = 48). In the A300-condition, 
r2 = 0.86±0.11 for the spring-mass model and 0.79±0.13 (n= 134) for the 
damped harmonic oscillator model, while in the SLS-condition, r2 = 
0.92±0.08 (n = 144) and 0.85±0.08 (n = 144), respectively. 
Most of the COM deflection and the associated lower limb joints 
range of motion take place during land1 (Fig. 4.5). During this phase, the 
increase of Fz is associated with a decrease of Sz and the graph of Fz vs Sz 
presents a linear relation. The slope of this relation represents the overall 
leg-spring stiffness generated by the lower limb muscles. At 1 g, the mass-
specific stiffness k1= 181±70 s-2 and k1 increases with increasing gravity 
(Fig. 4.6). This increase is more pronounced in A300 than in SLS-condition. 
During and after land2 (i.e. until the end of the CMJ), the mass-
specific overall stiffness (k2) and damping coefficient (c2) of the damped 
harmonic oscillator system are 43±58 s-2 and 9±4 s-1, respectively (Fig. 4.6). 
During this period, there is no significant effect of gravity on the stiffness 
(k2). In contrast, the damping coefficient (c2) increases with augmented 
gravity. Both k2 and c2 are similar in the A300- and in the SLS-conditions 
(Fig. 4.6). 
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Fig. 4.6 Effect of experimental conditions on the parameters of the biomechanical model of 
landing. Left: overall mass-specific stiffness k1 generated by the lower limb muscles during 
land1. Middle and right: overall mass-specific stiffness k2 and damping coefficient c2 
generated by the lower limb muscles during the second part of landing (i.e. during and after 
land2, until the subjects returns to his standing position - see Fig. 4.1). Other indications as 
in Fig. 4.3. 
 
4.4 Discussion 
The purpose of this study is to analyze the motor control of landing after a 
CMJ at different hypergravity level. Additionally, hypergravity was 
simulated in two ways, altering the otolithic and proprioceptive inputs 
differently. Our results show that participants are able to jump and control 
landing in hypergravity up to 1.6 g both in the A300- and in the SLS-
conditions, however they modify their landing strategy differently, 
according to the experimental condition. 
 
a) Landing without rebound 
Subjects were instructed to land from a jump without rebounding on the 
ground. In other words, after TD, both feet had to stay in contact with 
ground until the end of the movement. This behavior affects the 
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biomechanics of landing; indeed, when bouncing on the ground, the energy 
lost during the deceleration phase after TD can be partly stored as elastic 
energy in the muscle-tendon units of the lower limbs, to be restored during 
the acceleration phase preceding take-off (Cavagna and Legramandi 2009). 
In this case, muscles are generating an overall constant leg-spring stiffness 
during contact (Ferris and Farley 1997). 
On the contrary, when landing from a jump without rebounding, the 
mechanical energy accumulated during the falling phase of the jump must 
be dissipated after TD. Newman et al. (1997) proposed a damped harmonic 
oscillator model from touchdown until the end of the landing phase, 
assuming a constant stiffness, k and a constant damping coefficient, c. 
However, the model of Newman et al. (1997) does not fit closely to our 
experimental data neither at 1 g (r2 = 0.64±15, k= 55.8±66.3 s-2 and 
c=5.2±2.3 s-1, n = 48), nor in hypergravity (r2 = 0.46±0.18, n = 278). In 
contrast, Dyhre-Poulsen et al. (1991) suggested that muscles change the 
overall mechanical properties of the lower limb during landing from a 
spring to a damper. Our model illustrates this idea. Here, we divide the 
landing in two distinct phases. First, the loading phase (land1) during which 
the lower limb muscles act like a stiff spring to absorb the impact with the 
ground. During this phase, only a small amount of energy is dissipated since 
the velocity of the COM changes little (see Fig. 4.1 & 4.2). Second, the rest 
of the landing phase during which muscles act like a spring-damper unit to 
dissipate the energy of the jump. The strong correlation between the 
experimental and computed force-time curves observed during these two 
phases corroborates the idea of Dyhre-Poulsen et al. (1991) that muscles are 
modulating their mechanical properties throughout landing. 
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b) Effect of gravity level 
When gravity increases, the modifications of the landing strategy present the 
same trend both in the A300- and in SLS-conditions. These changes occur 
mainly during pre-landing and land1. With increasing gravity, the lower 
limb joints are more flexed at TD (Fig. 4.2 & 4.4), most likely due to a 
greater activity of TA and BF muscles during the aerial phase (Fig. 4.4). 
According to McKinley and Pedotti (1992), an increased dorsiflexion of the 
ankle at TD may contribute to stabilize landing by decreasing the time 
during which the sole of the foot is not fully in contact with the ground. We 
observe that with increased gravity, subjects adopted a strategy that could 
enhance the stability during landing, i.e. a greater dorsiflexion of the ankle 
at TD and a shorter land1 duration (Fig. 4.5 and Table 4.3). In addition, the 
greater knee flexion at TD may reduce the risk of anterior cruciate ligament 
injury, as suggested by Dai et al. (Dai et al. 2015) and Decker et al. (Decker 
et al. 2003). 
At TD, the forefeet touch the ground, inducing dorsiflexion of the 
ankle until heel-contact, which corresponds to Fz-peak (Dufek and Bates 
1990; Gross and Nelson 1988; Self and Paine 2001; Zhang et al. 2000). 
When gravity increases, the range of motion (RoM1 in Fig. 4.5) is decreased 
and the maximal vertical force (Fz-peak in Fig. 4.3) is increased. This greater 
force with a smaller displacement is obtained by increasing the overall leg-
spring stiffness (k1 in Fig. 4.6), which may prevent the joints to collapse 
during the loading phase. Several authors have reported that the increase in 
the leg-spring stiffness is mainly induced by an increased dorsiflexion of the 
ankle at TD, both in hopping (Farley et al. 1991) and in single leg landings 
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(Lebiedowska et al. 2009). An increase in k1 with an increased dorsiflexion 
of the ankle at TD is also observed in our study at all gravity levels. 
 
c) A300- vs SLS-gravity simulation 
Our results show that subjects modify their landing strategy with 
hypergravity in both experimental conditions. However, these modifications 
are enhanced in A300 as compared to SLS. Indeed, in A300, an enhanced 
'gravitational field' is applied to the whole body, limb-segments feel heavier 
and the otolithic system is submitted to a constant additional acceleration 
both in static and dynamic situations. On the contrary, in SLS, an additional 
force is only applied to the trunk, the weight of the limb-segments is 
unaltered and the otolithic system only feels a greater acceleration during 
dynamic situations. 
To our knowledge, the landing strategies in hypergravity have only 
been studied in drop jumps and repetitive hops, using a Subject Loading 
System, with gravity levels of maximum 1.2-1.3 g (Avela et al. 1994; 
Kramer et al. 2012). When gravity increases, these authors reported small 
differences in the timing and the amplitude of the pre-landing muscular 
activity, which are in agreement with our observations both in the SLS- and 
A300-conditions (Fig. 4.4). Meanwhile our observations show that in the 
A300-condition, the post-landing EMG activity is more important than in 
the SLS-conditions (Fig. 4.4). 
Pre-landing EMG activity and early EMG responses after TD are 
pre-programmed relative to the expected instant of TD (Duncan and 
McDonagh 2000; Zuur et al. 2010). This suggests that the modifications 
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observed during the pre-landing phase and during land1 are likely due to 
centrally generated motor command based on sensory information (Leukel 
et al. 2012). When hypergravity is applied on the whole body, participants 
modify their motor command in such a way that the joints are more flexed 
at TD and that the post-landing EMG activity is enhanced. This behavior 
could be due, at least in part, to perceptual errors because of the unusual 
otolithic signals and/or to differences in the vertical velocity of the COM at 
touchdown (see Methodological Limitations). 
The difference in behavior between A300- and SLS-conditions could 
also be due to an alteration of the visual system during the A300-sessions. 
Indeed, it has been reported that in a centrifuged room the otolith organs 
induces changes in the oculomotor control of pointing tasks, resulting in an 
apparent rise of objects (Cohen 1973). This so-called 'elevator illusion' 
could also affect the motor control of landing in the A300-condition. 
 
4.5 Methodological limitations 
Both vertical velocity of the COM at TD and simulated gravity level were 
statistically different between A300- and SLS-sessions (Table 4.3), but 
average differences were small: less than 0.18 m.s-1 (Fig. 4.3) and within 
0.02 g (see Methods), respectively. Santello et al. (Santello et al. 2001) 
reported an effect of the height of fall, and thus of the vertical velocity of 
the COM at TD, on the control of landing. More specifically in landings at 
1 g from 0.2 m and from 0.4 m high boxes (corresponding to vertical 
velocity of the COM at TD of respectively 2.0 and 2.8 m.s-1), Fz-peak was 1.9 
and 2.5 times body weight, respectively. As a result in their study, a 0.8 m.s-
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1 difference led to a 0.6-times BW difference in Fz-peak. In the current study, 
the maximal difference of 0.17 m.s-1 between 1.2 g-A300 and 1.2 g-SLS led 
to a difference of 1-times BW (Fig. 4.3). Thus, we suggest that the 
differences in Fz-peak are only marginally influenced by different vertical 
velocity of the COM at TD and likely more related to changes in landing 
technique (Fig. 4.5) between A300- and SLS-sessions. 
As specified in the Methods, gravity levels were not randomized in 
the A300 for security reasons, and were reproduced similarly with the SLS. 
We acknowledge that this choice of an incremental administration of the 
gravity levels may have influenced the adaptation strategies to the gravity 
constraints. However, to avoid a carry-over effect from the previous gravity 
level to the next in this current incremental order, the 3 first trials of each 
gravity level were discarded. 
No specific instruction about the landing technique was given to the 
subjects. This may explain why the landing strategy slightly differs from 
one subject to another (e.g. the important standard deviations observed in 
Fig. 4.4 & 6 during landing on Earth at 1 g). Despite differences in the 
landing technique among participants, the within-subject ANOVA revealed 
highly significant differences with increased gravity level, gravitational 
environment changes and interaction between gravity level and gravitational 
environment (Table 4.2). This suggests that our subjects modified similarly 
their landing strategy according to the experimental conditions. 
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4.6 Conclusion 
Even if in daily living activities, gravity can be perceived as a constant 
factor, the CNS is able to modify the motor control of landing in an 
'enhanced gravity field'. Indeed, subjects are able to jump and land in a 
hypergravity environment up to 1.6 g. Both in 1 g and in hypergravity, the 
overall properties of the lower limb muscles change throughout landing 
from a stiff spring to a compliant spring-damper. With increasing gravity, 
changes in the landing strategy are mainly observed during the pre-landing 
phase and during the loading phase (land1). Since pre-landing and early 
EMG responses are pre-programmed, our results suggest that these 
modifications are most likely due to a change in the central command, based 
on sensory information. These modifications are more important in 
hypergravity simulated by a centrifugal force in an airplane (A300) than in 
hypergravity simulated by a pull-down force in the laboratory (SLS), most 
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5 Chapter 5 Motor control of landing 
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Abstract 
Landing from a jump implies proper positioning of the lower limb segments 
and the generation of an adequate muscular force to cope with the imminent 
collision with the ground. This study assesses how a hypogravitational 
environment affects the control of landing after a counter-movement jump 
(CMJ). Eight participants performed submaximal CMJs on Earth (1 g-
condition) and in a weightlessness environment with simulated gravity 
conditions generated by a pull-down force (1-, 0.6-, 0.4- and 0.2 g0-
conditions). External forces applied to the body, movements of the lower 
limb segments and muscular activity of 6 lower limb muscles were 
recorded. (1) All subjects were able to jump and stabilize their landing in all 
experimental conditions, except one subject in 0.2 g0-condition. (2) The 
mechanical behavior of lower limb muscles switches during landing from a 
stiff spring to a compliant spring associated with a damper. This is true 
whatever the environment, on Earth as well as in environments where 
sensory inputs are altered. (3) The motor control of landing in simulated 1g0 
reveals an increased ‘safety margin’ strategy, illustrated by increased 
stiffness and damping coefficient as compared to landing on Earth. (4) The 
motor command is adjusted to the task constraints: muscular activity of 
lower limb extensors and flexors, stiffness and damping coefficient decrease 
according to the decreased gravity level. Our results show that even if in 
daily living gravity can be perceived as a constant factor, subjects can cope 
with altered sensory signals, taking advantage of the remaining information 
(visual and/or decreased proprioceptive inputs). 
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5.1 Introduction 
Life evolved under the omnipresence of the gravity field, which plays an 
essential role in the development of the neuromuscular behavior during 
movement. This implies specific body orientation in space, antigravity 
muscle tone and specific rules of motion in the gravity field. Since the early 
sixties, several studies have been conducted on Earth in preparation to lunar 
expeditions (Lunar Landing Research Facility, NASA’s Langley Research 
Center in Hampton, Virginia, US). These observations have revealed that 
the control of movement is altered, especially the control of posture during 
walking, running, jumping or climbing up or down ladders (Moonwalks & 
Lunar Gymnastics: “Study of Man’s Movement with a Space Suit in Lunar 
Gravity”, 1964, NASA, https://www.youtube.com/watch?v=CfssOB53Sfo, 
accessed 16 November 2015). In real hypogravity such as on the Moon 
(0.16 g), Apollo astronauts adopted a gait uncommonly used on Earth, a 
pattern called loping, which consists “of skipping without a support-foot 
exchange” (Rader et al. 2007). This opens the question of how humans tune 
the motor control when gravity is reduced. 
During landing from a jump on Earth, both stretch reflex and pre-
programmed muscular activity contribute to the deceleration of the 
downward motion of the body (Duncan and McDonagh 2000; McDonagh 
and Duncan 2002; Santello 2005; Santello and McDonagh 1998; Santello et 
al. 2001). The pre-programmed muscular activity is controlled by the central 
nervous system based on the expected instant of touchdown, time history 
and magnitude of the ground reaction force (Jones and Watt 1971b; Santello 
2005). When the height of the jump is increased, impact forces increase 
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(Dufek and Bates 1990; Liebermann and Goodman 2007; Liebermann and 
Hoffman 2005; McNitt-Gray 1993; Santello and McDonagh 1998; Santello 
et al. 2001; Zhang et al. 2000) and the landing behavior is modified; i.e. the 
muscular activity before and after touchdown (Arampatzis et al. 2003; 
Santello 2005; Santello et al. 2001), as well as the range of motion of the 
hip and the knee during landing are increased (McNitt-Gray 1993; Zhang et 
al. 2000). Sensory information from the visual, vestibular and 
proprioceptive systems contribute to this predictive behavior. Since humans 
are born and developed under the constant acceleration of 1 g on Earth, the 
central nervous system presumably perceives gravity as a constant 
parameter. One example supporting this argument is the experiment of 
McIntyre et al. (2001) showing that anticipatory motor responses to catch a 
ball in weightlessness are too early relative to the impact time of the ball. As 
suggested by the authors, this maladjustment is probably due to the expected 
but absent acceleration of the ball in such environment (McIntyre et al. 
2001). 
The otolith organs of the vestibular system are sensitive to linear 
accelerations and contribute to the motor control of landing. For example, a 
deprivation of vestibular information prevents cats from landing without 
ventral or nose touch (McKinley and Smith 1983). This suggests that, even 
when vision is available, vestibular information provides critical cues during 
landings in cats. To our knowledge, landing from a jump has never been 
investigated in a situation where the acceleration of gravity is nil (due to a 
weightlessness environment) while the subject is attracted downward by a 
pull-down force. This situation would induce a ‘static’ otolithic input equal 
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to zero, while the otolithic ‘dynamic’ input and the proprioceptive input will 
depend on the magnitude of the pull-down force. 
Ivanenko et al. (2002) have shown that humans adapt their walking 
pattern to reduced simulated gravity: electromyographic (EMG) activity of 
antigravity muscles as well as impact and propulsive forces decrease with 
reduced gravity level. They also report an augmented intra-subject 
variability of the limb movements. As skilled performance in a motor task is 
typically associated with low level of variability (Muller and Sternad 2009), 
this observation suggests an altered control of lower limb segments with 
decreased simulated gravity. 
The general objective is to study the effect of altered sensory inputs 
on the motor control of landing from a counter-movement jump (CMJ). We 
first compare the strategy on Earth versus in simulated 1 g during 
weightlessness induced by parabolic flights, i.e. when the otolithic ‘static’ 
input equals zero but the acceleration of the body will remain the same as on 
Earth. In this case, conflicts may ‘arise’; the instant of touchdown may not 
be predicted appropriately and may thus alter the control of landing. We 
expect a strategy of augmented ‘safety margin’, such as an augmented 
stiffness and EMG activity. Then we assess how this strategy is modified 
when decreasing the gravity level. In this case, proprioceptive inputs would 
decrease during the push-off as well as the downward acceleration of the 
body during the aerial phase. We expect a new landing strategy with 
decreased stiffness and EMG activity, to cope with decreased gravity levels. 
In addition we expect that the intra-subject variability of the movement 
would increase since sensory inputs are altered. 
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5.2 Methods 
a) Subjects and experimental procedures 
Three female and five male subjects (Table 5.1) participated to this study. 
All participants were physically active and passed a class II medical 
examination prior to their enrolment. Experiments were performed 
according to the principles of the Declaration of Helsinki and were 
previously approved by the local ethics committee (“Commission d’Éthique 
Biomédicale Hospitalo-Facultaire de l’Université catholique de Louvain”, 
2011/15JUI/322, Belgian Registration Number: B403201111769). Written 
informed consent was obtained from all the participants. 
The experimental procedures, set-up and signal processing were 
similar to those detailed in Gambelli et al. (2015) and will only be described 
briefly here. Each subject participated to two experimental sessions: first a 
control session in ‘normal gravity’ in the laboratory, and second a 
‘microgravity session’ during parabolic flight maneuvers in an airplane (see 
below). During each session, subjects were instructed to perform several 
recordings during which 2-4 CMJs were achieved, interspersed by ~3 s of 
quiet standing posture. Subjects were asked to push off and land on both 
feet, to maintain their hands on their hips and keep the gaze horizontal. For 
technical and safety reasons, subjects were instructed to jump without 
touching the ceiling. No instructions were given about the speed of the 
movement and the style of landing. A trial was considered non-valid if the 
participant touched the ceiling or any object in his/her surroundings, 
rebounded on the ground (i.e. if there was a second aerial phase after 
touchdown) or moved the arms during landing. 
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Recordings on Earth (1 g-condition) 
The control sessions (1 g-condition) were performed in the laboratory on 
Earth. Before recordings, subjects performed several CMJs to familiarize 
with the procedures. Then 25 CMJs were recorded as reference traces. A 
1 minute rest period was provided every 2-4 CMJs. 
 
Recordings in the aircraft (g0-condition) 
The experimental sessions (g0-condition) were performed aboard the Airbus 
A300 ZERO-G aircraft owned by NOVESPACE (Bordeaux, France) during 
the 55th and 56th Parabolic Flight Campaigns of the European Space 
Agency, a few weeks after the control session. Each Parabolic Flight 
Campaign consisted of 3 flights; each flight was composed of 31 parabolic 
maneuvers; each parabola generated a sequence of 22 s of weightlessness 
preceded and followed by sequences of 20 s of hypergravity (≈ 1.8 g); each 
participant had experienced at least 15 parabolas before performing the task. 
During each period of weightlessness, subjects performed 2-4 CMJs during 
which the simulated gravity was generated by applying a pull-down force to 
the trunk by means of a Subject Loading System (SLS) (Gosseye et al. 
2010). The SLS used here is the same as the one described in Gambelli et al. 
(2015). It consisted of two pneumatic pistons generating a pull-down force 
transmitted via ropes to a harness worn by the subject. Each rope passed 
through a pulley equipped with a force transducer measuring the vertical 
component of pull-down traction force in the rope (Ft). Before each 
Parabolic Flight Campaign, the force transducers were calibrated. The 
response of each transducer was linear within 0.80 % of the measured Ft for 
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forces up to 350 N applied on each transducer. Ft was set to simulate 4 
gravity levels in the following order: 1 g0-condition (0.99±0.05 BW, 
mean±SD of Ft where BW is the body weight on Earth), 0.6 g0-condition 
(0.60±0.03 BW), 0.4 g0-condition (0.41±0.02 BW) and 0.2 g0-condition 
(0.21±0.02 BW). Slight variations in Ft were observed, due to friction and 
inertia in the pistons, as well as pressure drops in the pneumatic system. Ft 
was greater than the expected value when the subject moved upward 
(1.25±0.09 g in 1 g0-condition, 0.80±0.08 g in 0.6 g0-condition, 0.55±0.05 g 
in 0.4 g0-condition and 0.29±02 g in 0.2 g0-condition) and smaller when the 
subject moved downwards (0.92±0.05 g in 1 g0-condition, 0.55±0.03 g in 
0.6 g0-condition, 0.37±0.02 g in 0.4 g0-condition and 0.19±01 g in 0.2 g0-
condition). 
Each parabolic maneuver was interspersed by a rest period of at least 
1 minute. Note that subject #6 was excluded from the general 0.2 g0-
condition analysis because in this specific condition the first contact with 
the ground was always followed by one or several aerial phases (number in 
parentheses in Table 5.1). 
The acceleration of the aircraft was measured by three 
accelerometers (DS-Europe, Milan, cut off frequency of 2.5 Hz) positioned 
at the bottom of the experimental set-up. Before each Flight Campaign, 
accelerometers were calibrated between 0 g and 1 g by orienting the sensors 
in different positions on Earth. The accelerometers had a crosstalk of ~1 % 
between the different axes, likely due to an imprecision in the alignment of 
the accelerometers. The average acceleration inside of the aircraft was 
0.09±0.03 m.s-2 (n = 490) along its fore-aft axis, -0.00004±0.04 m.s-2 along 
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its lateral axis and -0.07±0.14 m.s-2 along the axis perpendicular to the floor 
of the aircraft (av). 
 
b) Experimental set-up 
Measurement of the vertical ground reaction force 
The vertical and fore-aft components of the ground reaction force were 
measured by means of a 0.6 x 0.4 m platform, instrumented with strain 
gauges (Schepens et al. 1998) during the 1 g-session and the 56th Parabolic 
Flight Campaign, or with Kistler piezoelectric sensors during the 55th 
Parabolic Flight Campaign. Only the vertical component of the ground 
reaction force (Fz) was used for analysis. Before each Parabolic Flight 
Campaign, the force platform was calibrated. The response of the force 
platform was linear within 1.2 % of the measured Fz for forces up to 
1360 N. 
 
Measurement of the kinematics of the lower limb segments 
The movements of the left lower limb segments were measured in the 
sagittal plane by means of a video camera (BASLER piA640-210, 
resolution 486 x 646 pixels, sampling frequency of 100 Hz), placed at 3 m 
from the side of the force platform and perpendicular to the sagittal plane. 
Reflective markers were taped on the skin on anatomical landmarks: chin-
neck intercept, greater trochanter, upper part of the lateral side of the thigh, 
lateral condyle of femur, lateral malleolus, and fifth metatarsal phalangeal 
joint. 
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Measurement of the electromyographic activity  
The electric activity of six muscles of the left lower limb was recorded by 
means of surface EMG using bipolar electrodes (IMMED E111, diameter: 
30 mm, inter-electrode distance: 20 mm). Electrodes were placed according 
to the SENIAM recommendations on the tibialis anterior (TA), peroneus 
brevis (PB), gastrocnemius lateralis (GL), soleus (Sol), vastus lateralis (VL) 
and biceps femoris (BF) muscles after cleaning the skin with ether and 
alcohol. The electrodes were connected to a MyoSystem 1400L (Noraxon, 
USA; gain: 60 dB; input impedance: 100 MΩ; common mode rejection ratio 
at 50-60 Hz: -100 dB; band-pass: 10-500 Hz). 
 
c) Signal processing 
The force and EMG signals were digitized with a 16-bit resolution A/D 
convertor (NI PCI 6229, National Instruments, Austin, TX, USA) at a 
sampling frequency of 1000 Hz and were synchronized to the camera 
images by means of a trigger signal. A custom software (LABVIEW 2010, 
National Instruments, Austin, TX, USA) was used to acquire and process 
data. 
 
Computation of the vertical acceleration, velocity and displacement of 
the center of mass of the body (COM) 
Each trial started with the subject standing still and ended when the subject 
returned to the initial standing position after the CMJ. During the 1 g-
session, the vertical acceleration of the COM (az) was computed at each 
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instant as az =  (Fz – BW) / m, where m is the body mass. During the g0-
session, az was computed as az = (Fz – Ft – avm) / m. Then, the vertical 
velocity of the COM (Vz) was computed as the time-integration of az from 
the beginning until the end of the jump with an integration constant equal to 
zero, since the average vertical velocity was nil over the entire CMJ. 
Finally, the vertical position of the COM relative to the standing position 
(Sz) was computed as the time-integration of Vz. During a CMJ on Earth, the 
average vertical force exerted on the ground equals the body weight, so the 
average vertical acceleration of the COM is nil. This holds true in the 
weightlessness environment by considering the body weight to be the 
average vertical pull-down force. Due to the cumulated errors of 
measurement from the different devices (see above), the term (Fz – Ft –
 avm) was slightly different than zero and the error was quantified. The 
average absolute error was 8.71±14.24 N (n = 490), corresponding to 
0.014±0.022 BW. The maximum error was 10.36± 6.84 N (n = 165) in the 
1g0-condition, corresponding to 0.016±0.009 BW. 
 
Time-division of the CMJ 
The aerial phase (taer) was defined as the period between take-off (last point 
where Fz/BW > 0.01) and touchdown (TD, last point where Fz/BW < 0.01). 
The landing period was divided as: land1 (period between TD and the 
instant at which Fz reached its maximum, Fz-peak), and land2 (period between 
Fz-peak and the instant at which the COM reached its lowest point, i.e. when 
Vz is nil). During land1, Fz increased while Sz decreased, during land2, Fz 
decreased while Sz still decreased. After land2, Sz increased until the COM 
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reached its initial standing position. The loading rate was calculated as the 
slope of the Fz/BW-time curve during land1. 
 
Mechanical model of landing without rebound 
During land1, the relationship between Fz and Sz is linear (see also 
(Gambelli et al. 2015)) as during the compression phase of the spring-mass 
model computed in hopping as well as in running (Cavagna et al. 1988). 
During land2 and until the subject has returned to his standing position, the 
relationship between Fz and Sz is not linear anymore, and by the end of this 
phase, Vz is reduced to zero (see also (Gambelli et al. 2015)). In such task, 
Dyhre-Poulsen et al. (1991) suggested that the muscular behavior should 
change from a spring to a damper during landing to dissipate energy and to 
avoid rebounding on the ground. Therefore we divided the landing phase in 
two parts: first a phase during which lower limb muscles were acting like a 
single linear spring (land1), and second a phase during which muscles were 
acting like a damped harmonic oscillator (between Fz-peak and the end of the 
jump). This model has been first presented and validated in Gambelli et al. 
(Gambelli et al. 2015), and was shown to better characterize the landing 
than a spring-damp model using the differential equation of motion as in 
Newman et al (Newman et al. 1997). 
The mass-specific overall stiffness during land1 (k1) of the spring-
mass system was calculated as the slope of the az-Sz curve, computed by a 
linear regression. The mass-specific overall stiffness (k2) and the mass-
specific damping coefficient (c2) of the system were estimated during the 
second part of landing, using a regression model. At each instant i, 
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az(i) = k2Sz(i) + c2Vz(i) + intercept was the general equation of a damped 
harmonic oscillator, where az(i), Sz(i) and Vz(i) were the experimental data 
at the instant i. In this way, n equations were produced, where n was the 
number of samples of the second part of the landing. To obtain k2 and c2, the 
least square solution of this set of equations was searched. 
 
Kinematic signal processing 
Coordinates of the reflective markers in the sagittal plane were measured 
using a semi-automatic point-tracking software (Lynxzone, ARSALIS, 
Belgium). A spline function was fitted through the position data sampled at 
100 Hz to smoothen and interpolate the signal up to 1000 Hz. The joint 
angles of the hip, knee and ankle were calculated as the angle between 
segments at each instant (Santello et al. 2001). 
 
EMG signal processing 
The EMG signals were filtered with a fourth-order zero-phase-shift 
Butterworth digital filter band-pass (20-500 Hz) and then rectified. In each 
experimental condition, the raw rectified EMGs of a given subject were 
synchronized to TD and averaged point by point to obtain the subject’s 
mean trace. Then for each experimental condition, all subjects’ mean traces 
were averaged over periods of 5 ms to obtain a grand mean trace by 
experimental condition. 
The average EMG amplitude was calculated in the g0-conditions for 
each muscle trial by trial during 100 ms before TD (EMGpre, (Santello and 
McDonagh 1998)) and during landing (EMGlanding). Then these two 
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variables were expressed as a percentage of the corresponding average EMG 
amplitude calculated in the 1 g0-condition. 
 
Variability 
In each experimental condition, the variability of the kinetic and kinematic 
variables was calculated subject-by-subject using the ‘intra-subject’ 
coefficient of variation. Subsequently, the values of all participants were 
averaged (grand mean). 
 
Data reduction and statistics 
During the g0-sessions, trials of the first parabola were 
systematically discarded. Only successful trials (see definition of non-valid 
trials above) of subsequent parabolas were analyzed (Table 5.1). A first 
statistical analysis was designed to assess the effect of the environment 
(1 g0- and 1 g-conditions) and a second one was designed to assess the 
effect of the gravity level (1-, 0.6-, 0.4- and 0.2 g0-conditions). As the same 
subjects participated in both sessions (Table 5.1), and as the landing 
strategy may differ from one subject to another, a within-subject analysis of 
variance (ANOVA) was selected. Specifically, a one-level linear mixed 
model ANOVA with Bonferroni post-hoc tests was applied for both 
analyses: the experimental condition was set as a fixed effect (1 g0- and 1 g-
condition for the first analysis; 1-, 0.6-, 0.4- and 0.2 g0-condition for the 
second analysis) and the subject was set as a random effect on the trials 
analyzed. When comparing 1 g0- to 1 g-condition, the coefficient of 
variation was assessed with a t-test, whereas when comparing the gravity 
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levels in g0-conditions, the coefficient of variation was assessed with a one-
level linear mixed model ANOVA. The normality of the residuals was 
checked visually with QQ-plots and normality of the residuals was not 
assumed if asymmetry was superior than 1.5 (or inferior than -1.5). 
Normality of the residuals was not assumed for 9 variables (k1, loading rate, 
Solpre, GLpre, PBpre, TApre, Sollanding, GLlanding and BFlanding). In those cases, a 
log10 transform was applied. Normality of the residuals was then 
rechecked. The significance level was fixed at p<0.05. Effect size values for 
the coefficient of variation’s t-test between 1 g0- and 1 g-conditions are 
given by Cohen’s d. In the other cases (where a mixed model ANOVA was 
applied), the effect size values are given by partial eta2. 
The trials of each subject in each experimental condition were 
averaged. The mean and standard deviation of the ensuing averages were 
then calculated (grand mean) and are presented in the results and figures. 
Note that an additional separate analysis was conducted on the data of 
participant #6 in 0.2 g0-condition where the first contact with the ground 
was always followed by one or several aerial phases. 
 
5.3 Results 
a) Landing from a jump in 1 g0-condition compared to 1 g-condition  
The left and middle columns of Fig. 5.1 present typical traces of CMJs in 
1 g- and in 1 g0-condition, respectively. At first glance, the general pattern 
of the CMJ does not seem drastically modified in 1 g0-condition as 
compared to 1 g-condition. However, almost all kinetics, kinematics and 
EMG variables are in fact affected by the experimental condition. So the 
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aerial phase (taer), the vertical velocity at touchdown (Vz-TD) and the 
maximal height of the jump (Sz-max) are reduced by ~136 ms, ~0.14 m and 
~0.65 m.s-1, respectively (Fig. 5.2, Table 5.2 & 5.3). Furthermore, the 
participants subjectively reported that they felt ‘heavier’ in 1 g0-condition as 
compared to 1 g-condition. At TD, the knee and ankle joints are more flexed 
by ~1° and ~9°, respectively in 1 g0-condition, whereas the angle of the hip 
is not modified (Fig. 5.2, Table 5.2 & 5.3). After touching the ground, Fz-
peak is reduced by ~0.3 BW whereas the loading rate is almost doubled in 
1 g0-condition. The COM deflection during landing (from TD until the 
lowest vertical position of the COM, ΔSz) is reduced by ~0.10 m in 1 g0-
condition (Fig. 5.2, Table 5.2 & 5.3). 
In 1 g0-condition, the coefficients of variation of taer, Sz-max, Vz-TD, Fz-
peak, the loading rate and ΔSz are increased by ~250 %, ~230 %, ~230 %, 
~40 %, ~200 % and ~160 %, respectively (Table 5.4A & 5.4B). In contrast, 
the coefficients of variation of the joint angles at TD are not modified. 
Fig. 5.3 shows synchronized and averaged EMG traces in 1 g0- and 
1 g-conditions. For clarity, the EMG traces are presented with positive 
values for the 1 g0-conditions and negative values for the 1 g-condition. One 
can observe some EMG activity before and after TD in both conditions. The 
EMG patterns are modified in 1 g0-condition: EMG activity before TD 
seems diminished whereas EMG activity after TD seems augmented, as 
compared to 1 g-condition. 
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Fig. 5.1 Typical landing from a counter-movement jump in 1 g-, 1 g0- and 0.2 g0-
conditions. Typical traces of the kinetics, kinematics and EMG activity as a function of 
time, during a counter-movement jump (CMJ) of participant #5 (Table 5.1). Left: 1 g-
condition in the laboratory on Earth; middle: 1 g0-condition in the aircraft; right: 0.2 g0-
condition in the aircraft. Traces start 800 ms before take-off and end 1 s after TD. The 
vertical dotted line indicates the instant of touchdown (TD). Three top panels: (from top to 
bottom): vertical component of the ground reaction force (Fz normalized in BW on Earth), 
vertical velocity (Vz) and vertical displacement (Sz) of the COM. The horizontal dotted line 
on the Fz/BW trace indicates the body weight of the subject (left) or the instantaneous value 
of the vertical pull-down force (Ft) expressed in BW on Earth (middle and right). Three 
middle panels: (from top to bottom): angle of the left hip, knee and ankle joints. Six 
bottom panels: (from top to bottom): EMG activity of the soleus (Sol), gastrocnemius 
lateralis (GL), peroneus brevis (PB), tibialis anterior (TA), vastus lateralis (VL), and biceps 
femoris (BF) muscles 
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Fig. 5.2 Effect of the experimental conditions on kinetic and kinematic variables. The 
grand mean of all subjects and one standard deviation are presented for each gravity level 
condition. White symbol: 1 g-condition in the laboratory on Earth; black symbol: 0.2 g0-, 
0.4 g0-, 0.6 g0-, and 1 g0-conditions in the aircraft. Top panels, from left to right: aerial 
time (taer), vertical velocity of the COM at TD (Vz-TD) and height of the jump (Sz-max). 
Middle panels, from left to right: angle at TD of the hip, the knee and the ankle joints. 
Bottom panels, from left to right: peak of vertical ground reaction force normalized in 
BW on Earth (Fz-peak), loading rate normalized in BW on Earth, and vertical COM deflection 
during landing (ΔSz). In each panel, * indicates a significant difference between 1 g0- and 1 
g-condition and G indicates a significant effect of the gravity level. See Table 5.2 for 
values of each parameter 
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Variable 
1 g0 vs 1 g 
(F / p / partial eta2) 
F(DoF effect, DoF error) F(1, 356) 
taer (ms) 4234.7 / <0.001 / 0.922 
Sz-max (m) 3080.5 / <0.001 / 0.896 
Vz-TD (m.s-1) 2524.0 / <0.001 / 0.876 
Hip angle at TD (°) 2.4 / 0.119 / 0.007 
Knee angle at TD (°) 7.3 / 0.007 / 0.020 
Ankle angle at TD (°) 122.4 / <0.001 / 0.256 
Fz-peak / BW 35.9 / <0.001 / 0.092 
Loading rate (BW.s-1)$ 19.7 / <0.001 / 0.052 
ΔSz (m) 791.8 / <0.001 / 0.690 
Table 5.3 Statistical analysis: effect of the environment (1 g0- vs 1 g-condition) on the 
kinetic and kinematic variables 
 
b) Effect of decreasing gravity level from 1 g0-condition down to 0.2 g0-
condition  
The middle and right columns of Fig. 5.1 present typical traces of CMJs in 
1 g0- and in 0.2 g0-conditions. One can observe several differences when 
decreasing the gravity level down to 0.2 g0: taer and Sz-max are increased, Fz-
peak is decreased, and the EMG activities before and after TD are drastically 
reduced. The participants subjectively reported that it was difficult to 
stabilize in 0.2 g0-condition. According to the inclusion criteria detailed in 
the Methods, landings are successful in 100 % of cases in 1 g-, 83 % in 1 g0-
, 94 % in 0.6 g0-, 88 % in 0.4 g0- and 70 % in 0.2 g0-condition. 
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Variable 0.2 g0 0.4 g0 0.6 g0 1 g0 1 g 
taer 9.2 9.4 7.3 8.0 2.3 
Sz-max 19.6 15.4 11.6 14.0 4.3 
Vz-TD 10.6 8.0 7.4 9.3 2.8 
Hip angle at TD 3.6 3.1 2.8 3.0 3.3 
Knee angle at TD 4.5 3.2 3.1 3.4 3.8 
Ankle angle at TD 4.1 3.9 3.8 4.1 4.9 
Fz-peak / BW 23.5 16.1 16.8 16.2 11.6 
Loading rate 42.2 29.1 41.0 40.2 13.2 
ΔSz 13.4 11.3 12.0 13.2 5.0 
Table 5.4A Mean coefficient of variation (%) of kinetic and kinematic variables 
 
 Coefficient of variation 
Variable 
1 g0 vs 1 g 
(t / p / Cohen’s d) 
Gravity level 
(F / p / partial eta2) 
t(DoF) or  
F(DoF effect, DoF error) 
t(7) F(3, 20) 
taer 5.5 / 0.001 / 2.83 1.3 / 0.291 / 0.167 
Sz-max 5.2 / 0.001 / 2.40 3.3 / 0.042 / 0.330 
Vz-TD 4.4 / 0.003 / 2.22 2.0 / 0.144 / 0.232 
Hip angle at TD -0.6 / 0.468 / -0.35 0.8 / 0.495 / 0.110 
Knee angle at TD -1.0 / 0.348 / -0.53 3.5 / 0.035 / 0.343 
Ankle angle at TD -1.3 / 0.223 / -0.67 0.2 / 0.867 / 0.035 
Fz-peak / BW 3.7 / 0.007 / 1.25 3.8 / 0.027 / 0.361 
Loading rate 4.1 / 0.005 / 1.81 1.3 / 0.299 / 0.164 
ΔSz 5.0 / 0.002 / 2.62 0.3 / 0.833 / 0.041 
Table 5.4B Statistical analysis: effect of the environment (1 g0- vs 1 g-condition) and of the 
gravity level in the aircraft (1 g0-, 0.6 g0-, 0.4 g0-, 0.2 g0-condition) on the coefficient of 
variation of kinetic and kinematic variables. Grey boxes denote significant parameters 
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Fig. 5.3 Effect of the experimental conditions on the lower limb EMG activity of the lower 
limb muscles. Time-pattern of the EMG activity 200 ms before and 300 ms after TD for 
soleus (Sol), tibialis anterior (TA), gastrocnemius lateralis (GL), peroneus brevis (PB), 
vastus lateralis (VL) and biceps femoris (BF) muscles, in all experimental conditions. 
Positive values: g0-conditions in the aircraft: 1 g0-condition: black bold line; 0.6 g0-
condition: grey bold dashed line; 0.4 g0-condition: black thin line; 0.2 g0-condition: grey 
thin dotted line. Negative values: 1 g-condition in the laboratory on Earth. The curves of 
each individual subject obtained in the same experimental condition were synchronized on 
TD and averaged. Then the curves of the different subjects in one particular experimental 
condition were averaged (grand mean) over periods of 5 ms (see Methods) 
 
In 0.2 g0-condition, taer and Sz-max are increased up to 924±91 ms and 
0.30±0.04 m, respectively, as compared to 1 g0-condition (Fig. 5.2, Table 
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5.2 & 5.5). These are not maximal values because the jump height was 
limited by the ceiling of the aircraft, allowing a maximal jump height of 
0.40 m for the average participants’ height of 1.70±0.04 m. At TD, Vz-TD is 
decreased and the lower limb joints are more extended when decreasing 
gravity (Fig. 5.2, Table 5.2 & 5.5). However, this effect is less clear on the 
hip joint (Fig. 5.2) and post-hoc test reveals that a significant difference 
exists only between the 1 g0- and 0.6 g0-conditions. Both Fz-peak and the 
loading rate are decreased when gravity decreases, yielding in 0.2 g0-
condition values of 0.9±0.4 BW and 11±12 BW.s-1, respectively (Fig. 5.2, 
Table 5.2 & 5.5). There is an effect of the gravity level on ΔSz: ΔSz 
increases between the 1 g0- and the 0.6 g0-condition, but decreases between 
the 0.6 g0- and the 0.2 g0-condition (Fig. 5.2, Table 5.2 & 5.5). 
There is no effect of gravity level on the coefficient of variation of 
taer, Vz-TD, hip and ankle angles at TD, loading rate and ΔSz (Table 5.4A & 
5.4B). In contrast, there is an effect of gravity level on the coefficients of 
variation of Sz-max, Fz-peak and of the knee angle at TD. 
The qualitative assessment of the EMG activity reveals a gradient 
dependent on the gravity level in all muscles (Fig. 5.3). The quantitative 
assessment confirms that the EMGpre and EMGlanding activities are both 
decreased when decreasing gravity (Fig. 5.4 & Table 5.5). 
 




(F / p / partial eta2) 
F(DoF effect, DoF error) F(3, 479) 
taer (ms) 253.4 / <0.001 / 0.941 
Sz-max (m) 336.2 / <0.001 / 0.678 
Vz-TD (m.s-1) 246.1 / <0.001 / 0.607 
Hip angle at TD (°) 3.7 / 0.011 / 0.023 
Knee angle at TD (°) 21.1 / <0.001 / 0.117 
Ankle angle at TD (°) 54.8 / <0.001 / 0.256 
Fz-peak / BW 343.3 / <0.001 / 0.683 
Loading rate (BW.s-1)$ 309.0 / <0.001 / 0.659 
ΔSz (m) 34.5 / <0.001 / 0.178 
Solpre (mV)$ 229.9 / <0.001 / 0.590 
GLpre (mV)$ 102.1 / <0.001 / 0.390 
PBpre (mV)$ 26.2 / <0.001 / 0.141 
TApre (mV)$ 102.3 / <0.001 / 0.391 
VLpre (mV) 182.0 / <0.001 / 0.533 
BFpre (mV) 73.9 / <0.001 / 0.316 
Sollanding (mV)$ 139.0 / <0.001 / 0.465 
GLlanding (mV)$ 151.3 / <0.001 / 0.487 
PBlanding (mV) 7.7 / <0.001 / 0.046 
TAlanding (mV) 31.7 / <0.001 / 0.166 
VLlanding (mV) 297.1 / <0.001 / 0.650 
BFlanding (mV)$ 256.7 / <0.001 / 0.616 
k1 (s-2)$ 211.0 / <0.001 / 0.569 
k2 (s-2) 13.3 / <0.001 / 0.077 
c2 (s-1) 19.0 / <0.001 / 0.106 
Table 5.5. Statistical analysis: effect of the gravity level in the aircraft (1 g0-, 0.6 g0-, 0.4 
g0-, 0.2 g0-condition) on the kinetic, kinematic and EMG variables. $ indicates that a log10 
transform was applied to the variables. Grey boxes denote significant parameters 
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Fig. 5.4 Effect of the gravity level in g0-conditions on the EMG amplitude of the lower limb 
muscles. The grand mean of all subjects and one standard deviation are presented for 0.6-, 
0.4- and 0.2 g0-conditions in the aircraft. The average EMG amplitude was calculated trial 
by trial during 100 ms before TD (EMGpre) and during landing (EMGlanding) for each 
muscle. For each trial, EMGpre and EMGlanding were expressed as a percentage of the 
corresponding average EMG amplitude in 1 g0-condition for soleus (Sol), tibialis anterior 
(TA), gastrocnemius lateralis (GL), peroneus brevis (PB), vastus lateralis (VL) and biceps 
femoris (BF) (see Methods). Other indications as in Fig. 5.2. 
 
c) Modeling the landing in all experimental conditions 
On Earth, the spring-mass model computed during land1 yields an average 
r2 of 0.90±0.01 and the damped harmonic oscillator model computed 
between Fz-peak and the end of the jump yields an average r2 of 0.90±0.06 
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(n = 200). The stiffness of the spring-mass system during land1 (k1) equals 
177±70 s-2; during the second part of the landing, the stiffness (k2) and the 
damping coefficient (c2) equals 41±50 s-2 and 9±4 s-1, respectively (Fig. 5.5 
& Table 5.2). 
 
 
Fig. 5.5 Effect of the experimental conditions on k1, k2 and c2 coefficients. The grand mean 
of all subjects and one standard deviation are presented for each gravity level condition. 
White symbol: 1 g-condition in the laboratory on Earth; black symbol: g0-conditions in the 
aircraft; grey symbol: mean value of subject #6 in 0.2 g0-condition. Left: the overall mass-
specific stiffness k1 generated by the lower limb muscles during land1. Right: the overall 
mass-specific stiffness k2 and damping coefficient c2 generated by the lower limb muscles 
during the second part of landing (land2 until when the subjects is back to standing 
position). Other indications as in Fig. 5.2 
 
In the 1 g0-condition, the model also shows strong relationship with 
the experimental data: the fit to the experimental data yields an average r2 of 
0.86±0.11 and of 0.80±0.14 (n = 165) for the spring-mass model and the 
damped harmonic oscillator model, respectively. The parameters estimated 
from the model are increased as compared to 1 g-condition: k1 by ~130 %; 
k2 by ~75 % and c2 by ~20 % (Fig. 5.5, Table 5.2 & 5.3).  
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The fit of the experimental data in microgravity (0.2 g0-, 0.4 g0- and 
0.6 g0-condition) yields an average r2 of 0.83±0.12 for the spring-mass 
model and of 0.82±0.15 (n = 325) for the damped harmonic oscillator 
model, respectively. When decreasing the gravity level, k1, k2, and c2 are 
decreased down to 122±147 s-2, 34±46 s-2 and 7±4 s-1, respectively in 0.2 g0-
condition (Fig. 5.5, Table 5.2 & 5.5). The data of subject #6 in 0.2 g0-
condition are presented in grey in Fig. 5.5: k1, k2 and c2 are increased by 
~100, ~400 and ~30 % relative to the average value of successful landings, 
respectively. The fit of the experimental data of subject #6 yields an average 
r2 of 0.89±0.11 and of 0.63±0.21 (n = 19) for the spring-mass model and the 
damped harmonic oscillator model, respectively. 
 
5.4 Discussion 
The purpose of this study is to assess the influence of the environment (1 g0- 
versus 1 g-conditions) and of simulated gravity levels (g0-conditions), which 
represent conditions of modified otolithic and proprioceptive inputs. Our 
results show that participants are able to jump and control landing in all 
experimental conditions (except subject #6 in 0.2 g0-condition), but their 
landing strategy is modified. The rate of successful landings is the poorest 
in 0.2 g0-condition (70 %), although the participants already experienced at 
least 15 parabolas and performed CMJs in 1 g0-, 0.6 g0- and 0.4 g0-
conditions (i.e. at least 12 additional parabolas). Therefore, the difficulty to 
stabilize under Moon’s simulated gravity could be attributed to the low 
simulated gravity level rather than to the inexperience of the participants in 
the weightlessness environment. In contrast, the second poorest rate of 
successful landings is observed in 1 g0-condition (83 %) and could be partly 
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attributed to the inexperience of the participants in the weightlessness 
environment, as it is the first microgravity condition in which the 
participants performed CMJs. 
One of the prerequisite for successful landing is that both feet must 
stay in contact with the ground until the end of the movement. This implies 
that the impact on the ground must be attenuated and that the mechanical 
energy accumulated during the fall must be dissipated after TD. We have 
previously shown that a model assuming that muscles change the overall 
mechanical properties of the lower limb describes well the biomechanics of 
landing from a CMJ on Earth as well as in hypergravity conditions 
(Gambelli et al. 2015). Here we show that this model yields also good fit in 
hypogravity (g0-conditions). The values of the parameters estimated from 
this model suggest that the lower limb muscular properties changed from a 
stiff spring (k1) during the first part of landing to a compliant spring (k2) 
associated with a damper (c2) during the second part of the landing 
(Fig. 5.5), whatever the gravity level. 
 
a) Effect of the environment (1 g- and 1 g0-conditions) 
In 1 g0-condition, the participants reach smaller jump height as compared to 
1 g-condition. It could be due to factors inherent to the experimental 
conditions: i) the environment itself (aircraft); ii) the fact that the pull-down 
force is applied on pelvis and shoulders; or iii) the variations of the pull-
down force throughout the jump. The latter factor includes friction and 
inertia in the pistons, as well as pressure drops in the pneumatic system, 
which leads to a Ft greater than expected when the subject moves upward 
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(average value of 1.25±0.09 BW) and smaller when the subject moves 
downwards (average value of 0.92±0.05 BW). Nevertheless, the fact that in 
1 g0-condition, subjects did not jump as high as in 1 g cannot be attributed 
to their inability to push against a pull-down force of 1.25 g. Indeed, 
Gambelli et al. (2015) reported similar CMJ heights (~0.18 m) in simulated 
hypergravity of 1.52 g. 
In 1 g0-condition, the knee and the ankle joints at TD are more flexed 
as compared to 1 g-condition (Fig. 5.2). As suggested by Gambelli et al 
(2015) who reported similar preparatory adaptations in landings in 
hypergravity, the greater ankle flexion at TD may increase the stability 
during landing (McKinley and Pedotti 1992). 
The overall leg spring stiffness (k1 and k2) is increased in 1 g0-
condition as compared to 1 g (Fig. 5.5). Interestingly, k1 in 1 g0-condition is 
equivalent to the k1 observed at 1.6 g in Gambelli et al. (2015). The 
increased stiffness may be due to the decrease COM deflection and to the 
increased dorsiflexion of the ankle at TD (Fig. 5.2) as reported in 
hypergravity conditions (Gambelli et al. 2015). This ‘extra’ stiffness in 1 g0-
condition could reflect a strategy of augmented ‘safety margin’ as reported 
in landings without vision (Santello et al. 2001), that could come from a 
perceptual error of the magnitude of the pull-down force because applied on 
the trunk. It could also result from a sensory conflict between the magnitude 
of the pull-down force providing proprioceptive inputs of ~1 BW and the 
weightlessness environment providing ‘static’ otolithic inputs of zero. 
It has been suggested that the otolithic system provides critical 
information to predict the instant of TD, and contributes to generate 
appropriate muscular activity to cope with the forthcoming impact forces 
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(McKinley and Smith 1983; Santello 2005). McKinley and Smith (1983) 
reported that after labyrinthectomy, cats jumped down ‘awkwardly’ and 
touched the ground with their tummy. They also observed that the pre-
landing EMG amplitude of extensor muscles was decreased in these cats. In 
the current study, similar modifications of the EMG pattern are observed 
(Fig. 5.3) and could be a consequence of an altered perception of the instant 
of TD likely due to modified otolithic inputs. 
All these observations suggest that jump landings in 1 g0-condition 
does not reproduce the motor control of landing on Earth. However, we 
notice that in 1 g0-condition, landing from a CMJ could be a potential 
countermeasure to prevent bone loss in long duration spaceflights. As 
mentioned by Cavanagh et al. (2010), increasing mechanical loading is vital 
to decrease bone loss of spaceflight crewmembers, and the current exercise 
duration and/or loading were insufficient to prevent bone loss in the 
International Space Station. Additionally, De Witt and Ploutz-Snyder (2014) 
recently reported during running on the treadmill of the International Space 
Station that the range of impact forces was 0.7-1.9 BW and that the range of 
loading rates was 14-34 BW.s-1, way below values obtained during running 
on Earth (Gosseye et al. 2010). As compared to landing on Earth, our results 
in 1 g0-condition show similar impact forces (~3 BW) and almost doubled 
loading rates (~61 BW.s-1) (Fig. 5.2). 
 
b) Effect of the gravity level 
Jump height under simulated gravity conditions in weightlessness is always 
inferior to the jump height on Earth (Fig. 5.2). This is, at least in part, due to 
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the technical and safety constraints. The ceiling of the aircraft is at 2.1 m 
from the surface of the force platform, allowing a maximal jump height of 
about 0.40 m for our participants (average height 1.70±0.04 m) who have 
been instructed not to touch the ceiling. 
The predictive motor command has been shown on Earth in landings 
under various conditions, such as the height of jump, compliance of the 
ground surface, absence of vision (Santello 2005; Taube et al. 2012). More 
precisely this pre-programmed motor control of landing is adapted to the 
task constraints: i.e. a decrease of the height of drop on Earth induces a 
parallel reduction of flexor and extensor muscular activities before and after 
TD (Arampatzis et al. 2003; Santello and McDonagh 1998; Santello et al. 
2001). In the current study, we observe with decreased gravity level a 
reduction of flexor and extensor muscular activities before and after TD, 
together with a greater knee extension and ankle plantar-flexion at TD (Figs. 
5.2, 5.3 & 5.4). This suggests that proprioceptive inputs from lower limbs 
during the push phase, as well as inputs from cutaneous receptors sensitive 
to the SLS-pull-down force applied to the trunk and from the otholitic 
system during the aerial phase, associated with visual inputs may provide 
sufficient information for adapting the body configuration at TD and the 
muscular activity, according to the gravity constraint. Interestingly we did 
not observed this phenomenon in hypergravity (Gambelli et al. 2015) where 
the EMG activity seems to yield a plateau whereas it is continuously 
adjusted in hypogravity. This suggests that the central nervous system 
adapts the landing command to the gravitational constraint both in 
hypergravity (Gambelli et al. 2015) and in hypogravity, though the 
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distinctive adaptation enlightens that the landing command does not follow 
the ‘principle of continuity’ assuming modification in mirror around 1 g.  
All together, we observe a reduction of the overall leg spring 
stiffness (k1 and k2) and the damping coefficient (c2, Fig. 5.5), together with 
an increased extension of the lower limb joints at TD (Fig. 5.2) and a 
decreased EMG amplitude before and after TD (Fig. 5.4) under decreased 
gravity levels, indicating an adjustment of the mechanical properties of the 
lower limb muscles. Although the values of all parameters of the model 
decrease, k1 remains at least 3 times greater than k2, whatever the 
experimental condition (Fig. 5.5). Interestingly for the subject #6 in 0.2 g0-
condition, k1 is less than 1.5 times greater than k2 and the fit of the damped 
harmonic oscillator model (r2 = 0.63±0.21, n = 19) is not as good as in 
successful landings (r2 = 0.83±0.11, n = 81). The peculiar behavior of 
subject #6 illustrates that to avoid rebounding after TD, the stiffness should 
be modulated throughout landing. 
 
c) Variability 
The intra-subject variability of the CMJ kinetic variables is increased in 
1 g0-condition (Table 5.4A & 5.4B), indicating that the movement is not 
controlled as consistently as compared to the 1 g-condition. Gosseye et al. 
(2010) reported a similar observation during running in weightlessness with 
simulated 1 g. An explanation could come from the observations of Massion 
et al. (1998) that, during parabolic flight experiments, the sensory memory 
of the reference frames built up under 1 g still persists. Our interpretation is 
that the conflict between what subjects expect from their internal 
  125 
representation of Earth’s gravity and what they experience in the aircraft 
during weightlessness period leads to a less consistent behavior. Another 
explanation could come from the small accelerations of the aircraft and the 
variability of Ft (see Methods). In contrast, the intra-subject variability of 
the kinematic variables (joint angles at TD) remains unchanged whatever 
the environment, inferring a differentiated control of the joint positioning 
during landing.  
The intra-subject variability of the CMJs observed here seems more 
influenced by the weightlessness environment itself rather than by the 
diminished magnitude of the pull-down force. This observation is in 
contrast with the one of Ivanenko et al. (2002), who reported an increase of 
the intra-subject variability of the trajectory of the limb segments during 
walking in simulated reduced gravity, corroborating the fact that load 
feedbacks are dependent on the magnitude of the stimulus in locomotion 
(Duysens et al. 2000). The difference between the two studies could be 
related to the task and/or to the experimental conditions. The task studied 
here is a discrete task interspersed by pauses, performed in an aircraft 
during weightlessness periods with a loading system, whereas walking is a 
continuous cyclic task, performed on Earth with an unloading system.  
 
5.5 Conclusions 
The present data show that landing in weightlessness with simulated 1 g 
reveals an increased ‘safety margin’ strategy illustrated by increased 
stiffness as compared to landing on Earth. Additionally, humans can cope 
with several levels of simulated reduced gravity in a weightlessness 
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environment, suggesting that when necessary humans can rely on visual 
and/or proprioceptive inputs before TD. The central nervous system is able 
to adjust the motor command according to the decreased task constraints. 
Finally, data from the 0.2 g0-condition shows that it is possible to land and 
stabilize from a jump in simulated Moon gravity, although i) participants 
reported that it was ‘more difficult’ to stabilize and ii) one participant 
always rebounded after touchdown. 
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Abstract 
Landing on the ground on one’s feet implies that the energy gained during 
the fall be dissipated. The aim of this study is to assess human motor control 
of landing in different conditions of fall initiation, simulated gravity and 
sensory neural input. Six participants performed drop-landings using a trap-
door system and landings from self-initiated counter-movement jumps in 
microgravity conditions, simulated in a weightlessness environment by 
different pull-down forces, of 1-, 0.6-, 0.4- and 0.2 g. External forces 
applied to the body, orientation of the lower limb segments and muscular 
activity of 6 lower limb muscles were recorded synchronously. Our results 
show that: (1) subjects are able to land and stabilize in all experimental 
conditions; (2) pre-landing muscular activity is always present, emphasizing 
the capacity of the central nervous system to approximate the instant of 
touchdown; (3), the kinetics and muscular activity are adjusted to the 
amount of energy gained during the fall; (4) the control of landing seems 
less finely controlled in drop-landings as suggested by higher impact forces 
and loading rates, plus lower mechanical work done during landing for a 
given amount of energy to be dissipated. In conclusion, humans seem able 
to adapt the control of landing according to the amount of energy to be 
dissipated in an environment where sensory information is altered, even 
under conditions of non-self-initiated falls. 
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6.1 Introduction 
The structural and functional properties of the human neuromuscular system 
have evolved with a variety of design strategies that facilitate mobility 
under the omnipresent gravity field (9). During daily-life activities, the 
nervous system generates constantly appropriate motor commands to ensure 
posture and limb movements when the body is submitted to external 
constraints, including the constant gravitational force (3).  
It has been suggested that during landing from a jump, the muscular 
activity and the placement of the lower limb segments are pre-programmed 
based on the expected instant of touchdown and the associated forthcoming 
impact forces (23, 29). Visual, vestibular and proprioceptive neural inputs 
contribute to this predictive behaviour. For example, the deprivation of 
vision in humans induces increased and more variable impact forces during 
landing suggesting that the remaining sensory information could not fully 
compensate for the lack of visual information (25). Furthermore, the 
deprivation of vestibular information in cats provokes a reduction of the 
pre-landing activity of extensor muscles and a ventral or nose touch during 
landing (20). Decreased pre-landing electromyographic (EMG) activity of 
extensor muscles has also been reported in humans when landing from a 
counter-movement jump (CMJ) in a weightlessness environment with 
simulated Earth’s gravity (11). In the latter situation, the 'static' otolithic 
input is nil but the remaining 'dynamic' otolithic information as well as 
visual and proprioceptive inputs are still available and seem sufficient to 
control landing from a CMJ without tumbling. In hypergravity, humans are 
also able to land from a CMJ without imbalance or collapse (12). The 
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results from these two studies suggest that humans can rapidly adjust a 
complex motor task such as landing from a CMJ to a change in the gravity 
field. 
The drop-landing (DL) paradigm, i.e. landing after stepping off a 
box, unhanding a bar, or falling from a trap-door system, has been used 
quite extensively in the literature (2, 4, 5, 7, 8, 15-22, 24, 25, 27, 31), and 
presents a series of methodological advantages over the CMJ. During DL, it 
is possible to dissociate the landing from the push phase, the height of the 
drop can be easily controlled and the EMG of lower limb muscles do not 
contain residual EMG activity from the push-off phase, which facilitates the 
detection of EMG onset latencies (24). Under such conditions, the impact 
force after touchdown (TD) and its loading rate are greater than during 
landing from a CMJ (1). This suggests that subjects are better prepared for 
the collision with the ground during CMJ, where the central nervous system 
(CNS) can process additional information from the impulse exerted on the 
ground and from the upward part of the center of mass (COM) trajectory. 
Whatever the paradigm (CMJ or DL), the potential energy of the 
COM is proportional to the maximal height reached by the COM and is 
transformed into kinetic energy throughout the fall. To ensure proper 
landing on one’s feet without losing contact with the ground, the energy 
gained during the aerial phase must be dissipated. The amount of energy 
gained during the downward aerial phase depends on the height of fall, but 
also on the downward acceleration due to the gravity field. On Earth, this 
acceleration equals 1 g, the gravitational acceleration constant. When the 
height of the fall is increased, the energy of the COM at TD is augmented, 
which induces a greater impact force during landing (6, 16, 17, 21, 24, 25, 
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31). According to Zelik and Kuo (30), the energy accumulated during the 
fall is mainly dissipated by lower limb muscles contracting eccentrically, 
and to a lesser extent by the deformation of the soft tissues. The magnitude 
of the collision and the amount of negative muscular work performed 
depend on the landing strategy: stiff landing involves a greater impact force 
and less negative mechanical work as compared to soft landing (5, 14, 30, 
31). The self-selected landing strategy lies in between stiff and soft landing 
(30, 31), which may reflect how the participants value the trade-offs 
between economy and pain caused by a large impact force (30). The way 
humans control their landing in different conditions of fall initiation, 
simulated gravity constraints and sensory neural input has not yet been 
studied. 
The general objective of this study is to test the capacity of the CNS 
to integrate relevant sensory information generated by different 
experimental paradigms to prepare the body to the collision with the ground 
during bipedal landing. The goal is to compare landings from drops and 
from CMJs to determine if the mere downward aerial phase is sufficient to 
control landing under specific gravitational constraints and differential 
neural input. The tests are performed in an aircraft under weightlessness 
induced during parabolic flights, where gravity levels are manipulated using 
a subject loading system (SLS) to generate pull-down forces proportional to 
body weight (BW) on Earth. Different pull-down forces ranging from 1 BW 
to 0.2 BW imply that the energy to be dissipated during landing is not 
anymore exclusively related to the height of fall. In addition, the 
weightlessness environment provides a more challenging condition for the 
CNS in which the sensory neural input is altered, i.e. where the 'static' 
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otolithic input is nil but the 'dynamic' otolithic input is still present. We 
expect that the information available before the drop (i.e. knowledge of the 
height and of the simulated gravity level felt by the participant) associated 
with sensory information during the fall (i.e. magnitude of the pull-down 
force, duration of the fall) are sufficient to ensure proper control of landing. 
However, we hypothesize that the impact force and the loading rate will be 
greater during DL, indicative of the lack of sensory information during that 
task compared to landing from a CMJ. To achieve these goals, the motor 
control of landing during both tasks will be assessed as a function of the 
amount of energy to be dissipated. 
 
6.2 Materials and Methods 
a) Subjects and experimental procedures 
Four female and two male subjects (Table 6.1) participated in this study. 
The participants were physically active and passed a class II medical 
examination prior to their enrolment. Experiments were performed 
according to the principles of the Declaration of Helsinki and were 
previously approved by the local ethics committee (“Commission d’Éthique 
Biomédicale Hospitalo-Facultaire de l’Université catholique de Louvain”, 
2011/15JUI/322, Belgian Registration Number: B403201111769). Written 
informed consent was obtained from all the participants. 
Each subject participated in two experimental sessions, first a 
familiarization session in the laboratory, and second a ‘microgravity 
session’ during parabolic flight maneuvers in an aircraft, where pull-down 
forces were generated via a subject loading system (SLS, cf. below). During 
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each session, subjects were asked to perform several sequences of DLs 
followed by 1-3 CMJs. During a DL, subjects were instructed to stand still 
on a trap-door surface (cf. below, Fig. 6.1). At the subject’s signal, an 
operator counted down from three to zero and triggered the opening of the 
trap-door, thus inducing the fall of the subject to land on a force platform 
located underneath. Following the DL, subjects were asked to return to a 
standing position and to stay still for ~3 s before performing the CMJs, each 
interspersed by ~3 s of quiet standing posture (11, 12). During both tasks, 
subjects were instructed to land on both feet, to maintain their hands on their 
hips and keep their gaze horizontal. No instructions were given about the 
speed of the movement and the style of landing. A trial was considered non-
valid if the participant touched an object in the surroundings, rebounded on 
the ground (i.e. if there was a second aerial phase after the first contact with 
the ground) or moved their arms during landing. 
 
Familiarization session 
Prior familiarization sessions were planned for each participant to get 
accustomed to the landing tasks and the sequence of tests. These 
experiments were performed in our laboratory without the SLS. Subjects 
first performed 10 DLs to get used to the countdown of the operator and 
with the task. Subsequently, the participants performed 30 times the 
sequence of one DL followed by 1-3 CMJs. 
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Simulated microgravity session 
The microgravity sessions (g0-conditions) were performed a few weeks after 
the familiarization session aboard the Airbus A300 ZERO-G aircraft owned 
by NOVESPACE (Bordeaux, France) during the 59th and 60th Parabolic 
Flight Campaigns of the European Space Agency. Each Parabolic Flight 
Campaign consisted of 3 flights and each flight was composed of 31 
parabolic maneuvers. Each parabola generated a sequence of 22 s of 
weightlessness preceded and followed by sequences of 20 s of hypergravity 
(≈ 1.8 g). Each participant had experienced at least 31 parabolas before 
performing the experiment. During each period of weightlessness, simulated 
gravity was generated by the SLS. The vertical pull-down force (Ft) was set 
to simulate 4 gravity levels in the following order: 1 g0, 0.6 g0, 0.4 g0 and 
0.2 g0 (see Table 6.1). For technical and safety reasons, subjects were 
requested to jump without touching the ceiling of the cabin inside the 
aircraft. Due to inertia and friction in the SLS, the mean value of Ft 
calculated during the downward movement of the COM (Ft-down/BW, where 
BW is the body weight on Earth) was lower than expected (Table 6.1, Ft-
down/BW). Each parabolic maneuver was interspersed by a rest period of at 
least 1 minute. 
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Participant   
 
#1 #2 #3 #4 #5 #6 All Mean±SD 
Age (y.o.) 26 26 24 43 45 33 - 33±8 
Height (m) 1.62 1.69 1.65 1.71 1.69 1.65 - 1.67±0.03 
Weight (kg) 50.0 50.5 55.0 74.0 89.0 52.0 - 61.7±14.7 
 
Number of trials analyzed Ft-down/BW  
 Drop-Landing (DL) Mean±SD n total 
1 g0 5 8 7 6 9 6 0.76±0.02 
41 
0.6 g0 7 7 7 7 7 5 0.45±0.03 40 
0.4 g0 7 6 6 7 7 6 0.30±0.02 39 
0.2 g0 5 7 7 6 5 5 0.15±0.02 35 
 




1 g0 13 19 18 14 14 11 0.88±0.05 89 
0.6 g0 10 11 14 13 17 12 0.50±0.02 77 
0.4 g0 9 12 12 12 8 6 0.34±0.02 59 
0.2 g0 9 8 10 5 8 8 0.18±0.01 48 
Table 6.1 Population characteristics, number of trials per experimental condition for each 
participant 
 
b) Experimental set-up 
The trap-door system 
The trap-door system used for the DLs consisted of 2 steel plates 
(0.36 x 0.31 m) covered with rubber and positioned 0.36 m above the force 
platform surface (Fig. 6.1). In the closed position, the two plates were held 
in place by a steel piece, which could be quickly removed by activating an 
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experimenter-controlled electro-magnet (Mecalectro, France). Upon 
activation by a knob, each plate was pulled downward with a tensed spring 
(SPEC, France) able to accelerate the extremity of the plate with a 
downward acceleration greater than 9.81 m s-1 (1 g). To prevent the plates 
from bouncing at the end of the rotation, a door-lock fixed the plates to the 
structure. Each plate was equipped with an accelerometer (ADXL335, 
Analog devices, USA) to measure its tangential acceleration. 
 








Fig. 6.1 Experimental set-up and calculation of elevation angles. Left and right: photos of 
the drop-landing task during a weightlessness period of parabolic flights. The simulated 
gravity conditions are generated by two pneumatic pistons and transmitted to the harness 
via two ropes, which pass through two pulleys (inside the steel boxes on each side of the 
force platform) measuring the vertical pull-down force Ft. The force platform (PTF), on 
which the participant is instructed to land, is 0.36 m below the trap-door surface. Left: 
participant standing on the trap-door surface. The operator behind the participant counts 
down before pressing on the knob (indicated by the black arrow) to release the trap-door 
system (the two pivots are illustrated). The rotation directions of the plates are indicated by 
the white arrows. Middle: stickman depicting the body segments in the sagittal plane. 
Elevation angles are calculated as the angle between the vertical and the orientation of the 
segments. Delimitation of segments is indicated by white dots: from top to bottom, chin-
neck intercept (CN), greater trochanter (GT), external femoral condyle (FC), lateral 
malleolus of the ankle (LM) and 5th metatarsal phalangeal joint (5M). Right: subject 
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The subject loading system 
Simulated gravity was generated by exerting a pull-down force to the 
participant’s trunk by means of an SLS (13). The SLS used here was the 
same as the one described by Gambelli et al. (11, 12) and consisted of two 
pneumatic pistons generating a pull-down force transmitted via ropes to a 
harness worn by the subject (Fig. 6.1). The ropes passed through pulleys 
instrumented with force transducers to measure the vertical component of 
the pull-down force (Ft). 
 
Measurement of the vertical ground reaction force 
The vertical and fore-aft components of the ground reaction force were 
measured by means of a 0.6 x 0.4 m platform, instrumented with strain 
gauges (26). Only the vertical component of the ground reaction force (Fz) 
was analyzed. 
 
Measurement of the acceleration of the plane 
The acceleration of the aircraft was measured by three accelerometers (DS-
Europe, Milan, cut off frequency of 2.5 Hz) positioned at the bottom of the 
experimental set-up. The acceleration inside the aircraft during the trials 
analyzed was on average equal to 0.013±0.008 m.s-2 (n = 428) along its 
fore-aft axis, -0.002±0.006 m.s-2 along its lateral axis and -0.002±0.016 m.s-
2 along the axis perpendicular to the floor of the aircraft (av). 
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Measurement of the kinematics of the lower limb segments 
The movements of the left lower limb segments were measured in the 
sagittal plane by means of a video camera (BASLER piA640-210, 
resolution 486 x 646 pixels, sampling frequency of 100 Hz), placed at a 
distance of 3 m from the force platform, perpendicularly to the sagittal 
plane. Reflective markers were taped on the participants’ skin on the 
following anatomical landmarks (Fig. 1): chin-neck intercept (CN), greater 
trochanter (GT), external femoral condyle (FC), lateral malleolus (LM), and 
fifth metatarsal phalangeal joint (5M). 
 
Measurement of the electromyographic activity  
The electric activity of six muscles of the left lower limb was recorded by 
means of surface EMG using bipolar electrodes (IMMED E111, diameter: 
30 mm, inter-electrode distance: 20 mm). After cleaning the skin with ether 
and alcohol, the electrodes were placed according to the SENIAM 
recommendations on the tibialis anterior (TA), peroneus brevis (PB), 
gastrocnemius lateralis (GL), soleus (Sol), vastus lateralis (VL) and biceps 
femoris (BF) muscles. The electrodes were connected to a MyoSystem 
1400L (Noraxon, USA; gain: 60 dB; input impedance: 100 MΩ; common 
mode rejection ratio at 50-60 Hz: -100 dB; band-pass: 10-500 Hz). 
 
c) Signal processing 
The vertical ground reaction force, the vertical pull-down force, the 
tangential acceleration of the steel-plates, the acceleration of the aircraft and 
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the EMG signals were digitized with a 16-bit resolution analog-to-digital 
convertor (NI PCI 6229, National Instruments, Austin, TX, USA) at a 
sampling frequency of 1000 Hz and were synchronized to the camera 
images by means of a trigger signal. Custom-made software (LABVIEW 
2010, National Instruments, Austin, TX, USA) was used to acquire and 
process data. 
 
Time division of the task 
The aerial phase (taer) was defined as the period between take-off (TO) and 
touchdown (TD). For CMJs, TO was defined as the last point where 
Fz/BW > 0.01. For DLs, subjects were standing on the trap-door at the 
beginning of the trial, so the vertical ground reaction force was not available 
to determine TO. Thus, TO was defined as the last point where the 
acceleration induced by the SLS (Ft/m) was greater than the tangential 
acceleration of both steel plates. For both tasks, TD was defined as the last 
point where Fz/BW < 0.01. The downward taer was calculated as the time 
elapsed between Sz-max and TD, where Sz-max was the maximal height of the 
jump in CMJs but was the height of the trap-door system in DLs. Note that 
in DLs, there was no upward aerial phase, so the downward aerial phase 
(downward taer) was equal to taer. 
For both tasks, the vertical position of the COM relative to standing 
(Sz) decreased from the instant of TD until the lowest vertical position was 
reached: this phase was referred as landing. The downward movement of 
the COM during landing was referred as ΔSz. The loading rate (LRz) was 
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calculated as the slope of the Fz/BW - time curve from TD until the maximal 
value of Fz (Fz-peak) was reached. 
 
Computation of the vertical acceleration, velocity and displacement of 
the center of mass (COM) 
CMJs started with the subject standing still and ended when the subject 
returned to the initial standing position. In CMJs, the vertical acceleration of 
the COM (az) was computed as 𝑎! = 𝐹! − 𝐹! − 𝑎!𝑚 𝑚. Subsequently, 
the vertical velocity of the COM (Vz) was computed as the time-integration 
of az from the beginning until the end of the trial with an integration 
constant equal to zero, since the average vertical velocity was nil over the 
entire CMJ. The last point of Vz during taer determined Vz at TD (Vz-TD). 
Finally, the vertical position of the COM relative to the standing position 
(Sz) was computed as the time-integration of Vz. 
DLs started with the subject standing still on the trap-door surface 
and ended when the subject returned to standing on the force platform 
surface. During taer, az was computed as 𝑎! = −𝐹! − 𝑎!𝑚 𝑚 and Vz was 
computed as the time-integration of az. As for CMJs, the last point of Vz 
during taer determined Vz-TD. From TD until the subject returned to standing, 
az was computed as 𝑎! = 𝐹! − 𝐹! − 𝑎!𝑚 𝑚 and Vz was computed as the 
time-integration of az. Vz-TD was used to determine the first value of Vz and 
the integration constant was fixed equal to zero during the ~3 s of quiet 
standing posture after landing since the average vertical velocity of the 
COM was nil during this period. Finally, Sz was computed as the time-
integration of Vz from TO (i.e. the moment the trap door opens) until the end 
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of the trial. A value of 0.36 m (height of the trap-door surface) was assigned 
to the first point of Sz. For both tasks, Vz is always negative during landing, 
but in the interest of clarity Vz-TD will be presented in absolute terms in the 
results section. 
 
Mechanical work done on the COM during landing to dissipate the 
energy gained during the fall 
The total energy of the COM (Etot) was calculated as the sum of the 
gravitational potential energy (Ep = Ft Sz,) and of the kinetic energy 
(Ek = ½ m Vz2) of the COM. During the aerial phase of a drop or a CMJ on 
Earth, the total energy of the COM is conserved. At TD, the total energy of 
the COM must be dissipated in order to land and stabilize without losing 
contact with the ground. Zelik and Kuo (30) defined the theoretical 
minimum amount of work necessary to be performed during landing as the 
gravitational potential energy (Ep) at the greatest height reached by the 
COM relative to standing (Sz-max). In our experiments Ft slightly decreased 
during the fall and some energy was lost during downward taer (Fig. 6.2). 
Therefore, we defined the theoretical minimum amount of work necessary 
to be performed during landing as the total energy of the COM at the instant 
of TD (Etot-TD). The negative work performed during landing was calculated 
as the time-integration of the vertical power spent to smoothen the vertical 
displacement of the COM. The extra work done on the COM (Wextra) was 
calculated as the negative work performed during landing minus Etot-TD. All 
parameters were normalized to the participant’s body mass and are 
expressed in J.kg-1. 
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Fig. 6.2 Typical drop-landing and counter-movement jump in 1 g0- and 0.2 g0-conditions. 
Typical traces of the kinetics as a function of time during a drop-landing (DL, dotted 
curves) and a counter-movement jump (CMJ, continuous curves). Left: 1 g0-condition 
(participant #5). Right: 0.2 g0-condition (participant #2). From top to bottom: vertical 
component of the ground reaction force normalized by BW on Earth (Fz/BW, black), 
vertical pull-down force (Ft/BW, grey), vertical velocity (Vz), vertical position (Sz), 
gravitational potential (Ep, black), kinetic (Ek, grey) and total (Etot, black) energy of the 
COM. Traces are time-synchronized in each gravity condition to the instant of touchdown 
(TD, vertical dashed line). The instant of the maximal vertical position of the COM (Sz-max) 
is indicated by unfilled symbols for DL and filled symbols for CMJ. Note that the 
downward part of the aerial phase (downward taer) is reduced in CMJ compared to DL 
whatever the g0-condition.  
 
Kinematic signal processing 
Coordinates of the reflective markers in the sagittal plane were measured 
using a point-tracking software (Lynxzone, ARSALIS, Belgium). A spline 
function was fitted through the coordinate data sampled at 100 Hz to 
smoothen and interpolate the signal to 1000 Hz. The elevation angle in the 
sagittal plane (i.e. angle made by a segment with the vertical, Fig. 6.1) was 
calculated at TD for the following segments: the trunk (TrunkTD, defined as 
the distance between the chin-neck intercept and the greater trochanter), the 
thigh (ThighTD, defined as the distance between the greater trochanter and 
the lateral condyle of femur), the shank (ShankTD, defined as the distance 
between the lateral condyle of femur and the lateral malleolus), the foot 
(FootTD, defined as the distance between the lateral malleolus and the fifth 
metatarsal phalangeal joint). 
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EMG signal processing 
The EMG signals were filtered with a fourth-order zero-phase-shift 
Butterworth digital band-pass filter (20-500 Hz) and subsequently rectified. 
The average EMG amplitude was calculated in all conditions for each 
muscle trial by trial during 100 ms before TD (EMGpre) and during landing 
(EMGlanding) (11, 24). Only the results for the anti-gravity muscles (Sol, GL 
and VL) will be presented here. 
 
Data analysis and statistics 
Trials of the first parabola and non-valid trials were discarded. All the 
remaining trials were analyzed (n = 428, Table 6.1). The main focus was to 
analyze if the landing was controlled differently between the two tasks (DL 
and CMJ) depending on the amount of energy to be dissipated, Etot-TD. 
Therefore, an analysis of covariance (ANCOVA) was performed to test the 
hypothesis that the landing adaptation to Etot-TD was different in CMJ and in 
DL. Specifically, the task (CMJ or DL) was set as the fixed effect, Etot-TD 
was set as the covariable, and differences were reported for the interaction 
between Etot-TD and the task. The secondary objective was to quantify the 
effect of Etot-TD on the motor control of landing in both tasks. For that 
purpose, linear regressions were performed separately for DL and CMJ, 
where Etot-TD was the independent variable and the kinetic, kinematic and 
EMG parameters of the landing were the dependent variables. 
The normality of the residuals was checked visually with QQ-plots 
for the ANCOVA analysis. In addition, normality of the residuals was not 
assumed if asymmetry was superior than 1.5 (or inferior than -1.5). 
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Normality was not assumed for 4 variables (LRz, Wextra, GLpre and GLlanding). 
In those cases, a log10 transform was applied. Normality of the residuals 
was then rechecked. To improve the clearness of the graphical 
representations, the results are illustrated as a function of categories of Etot-
TD. The significance level was fixed at p<0.05 for all statistical analyses. 
 
6.3 Results 
The left and right columns of Fig. 6.2 present typical traces of a DL (dotted 
curves) and of a CMJ (continuous curves) in 1 g0- and 0.2 g0-conditions, 
respectively. In both tasks, the traces are time-synchronized to the instant of 
TD, and one can observe that the downward taer (starting at Sz-max) lasts 
longer in the DL as compared to the CMJ in both conditions. In addition, Sz-
max is greater in the DL compared to the CMJ, leading to a greater Vz-TD. 
Note that the difference between the DL and the CMJ is the greatest in the 
1 g0-condition. At TD, Fz-peak is greater in the DL than in the CMJ in the 
1 g0-condition. 
The two lower panels of Fig. 6.2 present the gravitational potential 
(Ep), kinetic (Ek) and total (Etot) energy of the COM during both tasks in 
1 g0- and 0.2 g0-conditions. During the downward taer (i.e. fall duration), Ep 
diminishes and Ek augments. Note that Etot slightly decreases during the 
aerial phase because Ft decreases. One can observe in both gravity 
conditions that Ep at TD is similar in DLs and in CMJs, whereas Ek at TD is 
greater in DLs. This difference is larger in 1 g0- as compared to 0.2 g0-
condition. As a consequence, Etot at TD (Etot-TD) is greater in DLs, with a 
larger difference in 1 g0-condition (see also Fig. 6.3). 
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Fig. 6.3 Height of the jump (Sz-max), duration of the 
downward aerial phase (downward taer) and total 
energy of the COM at the instant of TD (Etot-TD) as a 
function of the experimental conditions 
Top: The maximal vertical position of the COM (Sz-
max) is plotted as a function of the gravity conditions 
Ft/BW (calculated as the average pull-down force 
normalized by body weight on Earth). Middle: the 
duration of the downward aerial phase (s) is plotted as 
a function of the gravity conditions Ft/BW. For clarity, 
the trials of each subject in each experimental 
condition were averaged. The mean and standard 
deviation of the ensuing averages were then calculated 
(grand mean) and are presented here. Symbols 
represent the grand mean of all subjects ± one standard 
deviation (S.D.) in each gravity condition. Error bars, 
indicating S.D., are drawn when they exceed the size 
of the symbol. Bottom: The total energy of the COM 
at TD (Etot-TD) is presented for all trials in DL and in 
CMJ as a function of Ft/BW. The dotted horizontal 
lines delimit the categories of Etot-TD used in the Fig. 
6.4 & 6.5. These categories (starting from 0.2 J.kg-1 
with increments of 0.53 J.kg-1) were determined at 
posteriori for graphical purposes (see Methods). White 
symbols represent results for the drop-landing (DL) 
and black symbols represent results for the counter-
movement jump (CMJ). Note that the g0-conditions 
normalized by BW represent the pull-down force 
applied from the initiation to the end of the task 
 
Fig. 6.3 shows that Sz-max is always greater in DLs compared to 
CMJs whatever the experimental conditions. In DLs, Sz-max is set by the 
height of the trap-door surface (0.36 m) whereas during CMJs Sz-max 
increases as the gravity decreases. The downward taer is always greater in 
DLs compared to CMJs, but it increases in both tasks with decreased gravity 
(Fig. 6.3). Etot-TD is quite similar in DLs and CMJs in 0.2 and 0.4 g0-
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conditions, but differences become apparent with greater gravity conditions 
(Fig. 6.3, bottom panel). The constant Sz-max during DLs induces a narrow 
range of Etot-TD in each gravity condition (~0.3 J kg–1), while its range is 
greater in CMJs, especially in 0.6 g0- and 1 g0-conditions (~1 J.kg-1).  
The ANCOVA analysis reveals that significant interactions between 
Etot-TD and the task are present for all parameters except for the EMG 
activity of the plantarflexor muscles (Sol and GL) during landing (Fig. 6.4, 
Fig. 6.5 and Table 6.2). More specifically, the linear regressions of the 
maximal value of Fz reached after TD (Fz-peak) and its rate (LRz) plotted as a 
function of Etot-TD present steeper slopes in DLs as compared to CMJs 
(Fig. 6.4). During landing, ΔSz is not modified by Etot-TD for DLs whereas it 
increases for CMJs; globally ΔSz is lower in DLs compared to CMJs 
(Fig. 6.4). The extra work performed during landing (Wextra) presents a 
shallower slope in DLs as compared to CMJs (Fig. 6.4). The linear 
regressions of the elevation angles of TrunkTD and ShankTD present 
shallower slopes in DLs compared to CMJs (Fig. 6.4). The elevation angles 
of ThighTD and FootTD are not modified by Etot-TD for DLs, and the values 
are lower than in CMJs, indicating that the position of those segments is 
more vertical in DLs (Fig. 6.4). Fig. 6.5 shows that the slopes of all EMGpre 
are lower in DLs as compared to CMJs. In contrast, no differences are found 
for Sollanding and GLlanding and only the slope of the VLlanding is lower in DLs 
(see also Table 6.2). 
The goodness of the fit of the linear regressions reveals that Fz-peak, 
LRz and Wextra (r2 from 0.19 to 0.85), EMGpre and EMGlanding of the three 
muscles (r2 from 0.12 to 0.62) are the parameters best correlated with Etot-TD, 
both in DLs and in CMJs (Table 6.2). In contrast, the r2 of ΔSz, the elevation 
  149 
angles of TrunkTD, ThighTD, and FootTD, range from 0.02 to 0.05, and from 
0.10 to 0.28 for the ShankTD (Table 6.2). 
 
 
Fig. 6.4 Elevation angles and kinetics of landing as a function of the energy of the COM at 
TD (Etot-TD). Linear regressions of the maximal vertical ground reaction force normalized 
by BW on Earth (Fz-peak/BW), of the loading rate (LRz), of the downward movement of the 
COM during landing (ΔSz), of the extra work during landing, (Wextra), of the elevation angle 
at TD of the trunk (TrunkTD), thigh (ThighTD), shank (ShankTD), and foot (FootTD) are 
plotted as a function of Etot-TD in DL (white symbols, dotted lines) and in CMJ (black 
symbols, continuous lines). Linear regressions are calculated on the data obtained trial-by-
trial (Table 6.2). Etot-TD categories are determined for graphical purposes only, as explained 
in the Methods and shown in Fig. 6.3, with the trials of each subject in each Etot-TD 
categories displayed as averaged results. The mean and standard deviation of the ensuing 
averages were then calculated (grand mean) and are presented here. Symbols represent the 
grand mean of all subjects ± one standard deviation (S.D.) in each Etot-TD category. Error 
bars, indicating S.D., are drawn when they exceed the size of the symbol. * indicates that 
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Fig. 6.5 EMG activity before and after TD as a function of the energy of the COM at TD 
(Etot-TD). Linear regressions of the average EMG activity 100 ms before TD (subscript pre) 
and during landing (subscript landing) for the Soleus (Sol), the Gastrocnemius Lateralis 
(GL) and the Vastus Lateralis (VL) are plotted as a function of Etot-TD in DL (white symbols, 
dotted lines) and in CMJ (black symbols, continuous lines). Other indications as in Fig. 4 
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 Linear regressions ANCOVA 
 DL CMJ 
interaction p r2 p r2 p p. eta2 
Fz-peak <0.001 0.85 <0.001 0.48 0.006 0.017 
LRz$ <0.001 0.80 <0.001 0.19 0.029 0.011 
ΔSz 0.411  0.00 0.001 0.04 0.023 0.012 
Wextra$ <0.001 0.72 <0.001 0.35 <0.001 0.044 
TrunkTD 0.038 0.03 <0.001 0.05 0.010 0.016 
ThighTD 0.114  0.02 <0.001 0.05 0.034 0.011 
ShankTD <0.001 0.10 <0.001 0.28 <0.001 0.080 
FootTD 0.200  0.01 0.012 0.02 0.005 0.019 
Solpre <0.001 0.32 <0.001 0.55 <0.001 0.071 
GLpre$ <0.001 0.23 <0.001 0.37 <0.001 0.098 
VLpre <0.001 0.29 <0.001 0.50 <0.001 0.072 
Sollanding <0.001 0.62 <0.001 0.36 0.512  0.001 
GLlanding$ <0.001 0.19 <0.001 0.12 0.772 <0.001 
VLlanding <0.001 0.52 <0.001 0.58 <0.001 0.134 
Table 6.2 Effect of energy of the COM at TD (Etot-TD) in CMJs and in DLs, using linear 
regressions (effect of Etot-TD) and ANCOVA (interaction between Etot-TD and the task) 
calculated on a trial-by-trial basis. $ indicates that a log10 transform was applied to the 
variables for the ANCOVA analysis only. Grey boxes denote non-significant differences 
 
6.4 Discussion 
As already observed in our previous study on the CMJ-landings in 
microgravity (11), subjects are able to control their landing in such a 
modified environment. The present results show in addition that this holds 
true when subjects are only falling (drop), i.e. they do not exert a push-off 
on the ground to initiate the downward aerial phase. On Earth, the kinetics 
of the landing such as the impact force and the loading rate are increased 
when increasing the height of the drop, and thus by increasing the amount of 
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energy to be dissipated (Etot-TD) (6, 16, 17, 21, 24, 25, 31). To dissociate the 
influence of the task and of the energy of the COM at TD, we plotted the 
variables as a function of the total energy of the COM at TD (Etot-TD), 
corresponding to the amount of energy accumulated during the fall and to be 
dissipated during landing in order to avoid losing contact with the ground 
(i.e. rebounding on the ground). The rationale of using Etot-TD instead of the 
kinetic energy at TD (28) relies on the fact that the vertical position of the 
COM at TD is higher than the position of the COM during standing 
(Fig. 6.2). Thus, the gravitational potential energy at TD (Fig. 6.2) has been 
taken into account in order to evaluate more precisely the amount of energy 
to be dissipated during landing (see Methods). As expected, both the impact 
force and the loading rate increase with Etot-TD, but the slopes are steeper in 
DLs (Table 6.2 and Fig. 6.4). In other words, for a given amount of Etot-TD, 
the impact force and the loading rate are greater in DLs. These findings have 
been previously reported on Earth in comparing landings from DLs and 
CMJs (1, 10) and have been interpreted as an indication of a lack of 
preparation to the collision. In addition, we have shown in a previous study 
(11) that in 1 g0 CMJ-landings in weightlessness, the loading rate is almost 
doubled as compared to landings on Earth even though Vz-TD is lower. In the 
present study, we show that this effect is enhanced when the subjects are 
dropped from a given height. All together, we suggest that the 
weightlessness environment itself prevents the CNS to prepare optimally for 
the collision and that the limited amount of information available in DL 
(subject only falling) enhances this effect. Surprisingly, the placement of the 
lower limb segments at TD as well as the downward movement of the COM 
during landing do not seem to be dependent on the amount of energy to be 
dissipated: in both tasks, Etot-TD explains less than 6 % of the variance of the 
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downward movement of the COM and of the elevation angles at TD (except 
for the shank, see Table 6.2). 
The economy of movement does not seem to rule the way humans 
land from a jump, at least on Earth (30). While landing with knees fully 
extended involves an amount of work close to the minimal amount of 
energy to be dissipated, humans naturally choose to perform more extra 
work, thereby reducing other factors such as pain and discomfort 
encountered when exposed to large impact forces (30). Zelik and Kuo (30) 
have reported that the preferred amount of extra work is dependent on the 
minimal amount of energy to be dissipated and corresponds to 37 % of Ep at 
Sz-max. In the current study, the extra work performed during landing (Wextra) 
depends on Etot-TD but also on the task: Wextra is smaller in DLs as compared 
to CMJs for a given Etot-TD (Fig. 6.4). More precisely, Wextra corresponds to 
33 % of Etot-TD in DLs and to 51 % of Etot-TD in CMJs, as given by the slopes 
of the linear regressions (Fig. 6.4). These values are close to those of Zelik 
and Kuo (30). Devita and Skelly (5) have shown that in stiff landings, less 
mechanical work is performed during landing and that the impact force is 
greater as compared to soft landings. In the current study, the subjects 
perform less extra work during landing, are submitted to greater impact 
force and loading rate in DLs as compared to CMJs, suggesting that they 
perform “stiffer” landing. However, the reason why a “stiffer” landing and 
less extra work is performed in DLs as compared to CMJs may not be 
interpreted by the proposed explanation of Zelik and Kuo (30) that subjects 
chose to perform a preferred amount of work based on subjective trade-offs 
between economy and pain. Our results rather suggest that the limited 
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information provided during DLs alters the capacity of the CNS to integrate 
relevant sensory information to properly prepare the body to the collision.  
The presence of pre-landing muscular activity in DLs suggests that 
the CNS is still able to approximate the instant of TD. In addition, muscular 
activity before and after TD depends on the amount of energy of the COM at 
TD in both tasks (Fig. 6.5). This finding emphasizes the capacity of the CNS 
to predict the amount of energy of the COM at TD in an environment where 
sensory inputs are altered. Interestingly, the amount of muscular activity 
before TD is lower in DLs as compared to CMJs for a given Etot-TD 
(Fig. 6.5). The lack of pre-landing muscular activity has already been 
reported in labyrinthectomized cats (20) and in humans in simulated 1 g0 in 
weightlessness (11) as compared to landings in normal cats and in humans 
on Earth, respectively. In the aforementioned studies, it is suggested that the 
lack of anticipatory muscular activity may be due to modified otolithic 
inputs. In the current study, the increased amount of EMGpre in CMJs as 
compared to DLs for a given Etot-TD indicates that the push and the upward 
aerial phases in CMJs may provide additional information to prepare for 
landing, even in situations where otolithic inputs are altered. The activity of 
the Sol and GL muscles after TD is similar for both tasks, but the activity of 
the VL muscle after TD is greater in CMJs as compared to DLs (Fig. 6.5). 
This increased VL activity could reflect that the increased amount of extra 
work observed in CMJs is probably performed at the knee during landing, 
as observed in soft landings by Devita and Skelly (5) and Zhang et al. (31) 
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6.5 Limitations 
The first limitation of this study is that the maximal height reached by the 
COM during DLs is systematically higher than during CMJs, whatever the 
experimental condition. Furthermore, the pull-down force during the 
downward movement of the COM (Ft-down/BW) as well as from the initiation 
to the end of the task (g0-conditions, see Fig. 6.3) is lower in DLs as 
compared to CMJs (range of -12 % to -16 %, see Table 6.1). This 
difference is due to the upward movement of the COM in CMJs, which 
enhances the friction and inertia in the SLS resulting in augmented pull-
down force as compared to DLs. The lower Ft-down/BW associated with the 
higher Sz-max in DLs resulted in similar Etot-TD in both tasks for the 0.2 g0- 
and 0.4 g0-conditions (Fig. 6.3). We acknowledge that these differences 
resulting in a similar amount of energy to be dissipated may have influenced 
the control of landing. These differences are greater for the 0.6 g0- and 1 g0-
conditions, which resulted in a greater amount of Etot-TD in DLs as compared 
to CMJs (Fig. 6.3). At first sight, this could be interpreted as a limitation. 
Nevertheless, this was the opportunity to observe that the motor control of 
landing is tightly coupled with Etot-TD.  
 
6.6 Conclusion 
All subjects are able to control landing in weightlessness whatever the way 
the fall is initiated (CMJ or DL) and whatever the simulated gravity level (at 
least down to 0.2 g0). When subjects are only falling (drop), the landing 
seems less finely controlled: impact forces and loading rates are greater and 
the work done by the COM during landing is smaller. At the same time, a 
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lower pre-landing activity of anti-gravity muscles is observed, suggesting a 
lack of preparation to the collision with the ground. However in both tasks, 
subjects modify their motor command according to the amount of energy 
gained during the fall. These findings emphasize the capacity of the central 
nervous system in planning motor actions in a specific environment where 
sensory inputs are altered. 
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7 Discussion 
Humans are born and developed their interactions with the environment 
(locomotion, motor actions) under the omnipresence of the Earth’s 
gravitational field. The goal of this work is to explore how humans prepare 
and perform a landing with increased and decreased gravity with altered 
sensory information. Therefore, several experimental conditions (Fig. 3.1) 
including two tasks (drop-landing and counter-movement jump) and several 
gravitational environments were implemented (normogravity as well as 
simulated micro and hypergravity, Fig. 3.2). 
The most fundamental finding of this thesis is that humans adapt to 
modifications of gravity in a relatively short period of time, although they 
never had to do so in the past, except for a few individuals such as 
astronauts and individuals participating to parabolic flights campaigns 
(organized by NASA since 1959). Landing from a jump or a drop is a 
complex motor action that requires the CNS to integrate sensory inputs and 
prepare the body to the collision. As the body is always submitted to the 
constant gravity of 1 g on Earth, it is optimized to plan and control motor 
actions in this environment. Nevertheless, in this study we show that the 
CNS can cope with altered sensory inputs, both in microgravity and 
hypergravity. 
 
7.1 Humans can land and stabilize 
Humans are able to land and stabilize in perturbed environments such as 
simulated gravity ranging from 0.2 g to 1.6 g. It is not surprising that 
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humans would not rebound when landing in hypergravity: the likelihood to 
loose contact with the ground during landing is indeed diminished as the 
pull-down force is greater than the body weight of the subject. However, the 
ability to land without rebounding in the equivalent of Moon’s gravity has 
never been observed until our first experiment in microgravity. It is 
surprising how elegantly participants have jumped and landed in this 
peculiar situation. In addition, the instant of touchdown is still well 
approximated in drop-landing, i.e. even when the amount of information 
provided to the CNS is more limited. These results emphasize the capacity 
of the CNS to adapt a complex motor program to situations never 
experienced before and without training. 
To our knowledge, only one study has analyzed landings from 
counter-movement jumps during weightlessness induced by parabolic 
flights (D'Andrea et al. 2005). The purpose of their work  is to validate a 
ground based zero gravity simulator for testing exercise countermeasures. 
The experiments are performed in a KC-135 aircraft as well as on Earth 
with the zero gravity simulator and gravity levels proportional to the body 
weight on Earth are simulated with tensed springs. Unfortunately for us, the 
motor control of landing, i.e. the muscular activity and the placement of the 
lower limb joints, is not reported. Nevertheless, the authors show that 
subjects are able to land in weightlessness (in the range of 60 to 75 % of 
Earth’s gravity) as well as on Earth, using their zero gravity simulator (in 
the range of 45 to 100 % of Earth’s gravity). This adds knowledge of the 
capacity of humans to adapt a complex motor task in abnormal situations. 
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7.2 The biomechanical model of landing 
The second main result is the evidence of a modification of the properties of 
the lower limb muscles throughout landing whatever the experimental 
conditions. Using a simple model, we are able to describe how landing is 
controlled whatever the gravity level or the environment. 
This peculiar motor action, in which energy must be dissipated to 
stabilize (i.e. avoid losing contact with the ground during landing), is first 
characterized by a stiff spring able to resist the collision from the contact of 
the forefoot until heel strike (from TD to Fz-peak). Then the spring becomes 
more compliant and a damper is necessary to dissipate the energy. Finally, 
the spring and the damper return to the initial position (from Fz-peak until the 
subject has returned to standing). 
 
 
Fig. 7.1 Goodness of the fit for the spring-mass model from TD to Fz-peak (r2 spring) and for 
the damped harmonic oscillator model from Fz-peak until the subject has returned to standing 
(r2 spring-damper). The r2 of the fit (mean ± SD) is presented in all experimental 
conditions. Same symbols as in Fig. 3.1 
 
The goodness of the fit of the spring-mass model and of the damped 
harmonic oscillator model corroborates the validity of our model to 
characterize a landing without rebounding (Fig. 7.1). Whatever the gravity 
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condition or the task, at least 76 % of the variance is explained by our 
modelling. So it worths to recommend it in future studies, due to its 
simplicity as well as its all-embracing application.  
 
7.3 Modulation of EMG pre-landing activty 
The third main finding of this thesis is the way the pre-landing EMG 
activity of lower limb muscles is modulated in the different experimental 
conditions. The modulation of the timing and amplitude of the preparatory 
EMG activity before landing reflects the ‘predictions’ of the CNS to plan an 
adequate motor command to cope with the forthcoming impact force 
(Santello 2005).  
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Fig. 7.1 EMG traces during CMJ landings in hypergravity, as a function of time. Traces are 
synchronized to touchdown (TD) and averaged point by point in each hypergravity 
conditions: SLS on Earth (additional pull-down force, continuous lines) and A300 
(centrifugal forces, dotted lines). As recorded during the same session, the 1 g-condition (in 
black) is added together with the SLS-conditions. In each environmental condition (on 
Earth or A300), the EMG traces are expressed as a percentage of the highest data point in 
1.6 g. Data from Gambelli et al. (2015) 
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The EMG traces of Fig. 7.1 in hypergravity conditions illustrate two 
main results. First, the amplitude of the EMG activity of the extensors is not 
strongly modified according to the gravity level within each environment. 
This suggests that above 1 g, the CNS does not induce an increase in the 
EMG build-up prior to TD. Second, the relative quantity of pre-landing 
EMG seems decreased and delayed in the A300 as compared to the SLS. We 
hypothesize that it could be due to the fact that the ‘predicted’ instant of TD 
is later than the actual time of TD. This hypothesis is consistent with the so 
called ‘elevator illusion’ observed by Cohen (1973): in hypergravity 
generated by centrifugal forces, the height of a stationary visible object 
appears to rise. In the Cohen’s experiments, participants have to adjust the 
position of a target to the horizon within a structured visual environment in 
hypergravity conditions of 1 to 2 g. The results show that participants lower 
the position of the horizon when hypergravity is increased (Fig. 7.3). The 
authors conclude that a target remaining at true eye level would appear to be 
lifted up with increased hypergravity. 
 
Fig. 7.3 Effect of hypergravity level on the ‘elevator 
illusion’. A subject is strapped on a seat and a box is 
displayed at the subject’s eye level. The box is lighted and 
composed of vertical and horizontal stripes to provide a 
structured visual environment. The subject uses a toggle 
switch to adjust the position of the target so that it would 
appear to be on the horizon. A negative value indicates that 
the target is placed lower than the horizon. Modified from 
Cohen et al. (2001) 
 
 
Our subjects may have seen the environment of the aircraft above its actual 
height, and could have underestimated their own body height during the 
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aerial phase, and therefore ‘predicted’ the instant of TD later than its actual 
time. Considering the electromechanical delay, such ‘error’ in the prediction 
of the instant of TD could potentially cause injury. Indeed, the muscles may 
be activated at the instant of TD, but may not have built-up enough tension 
within the joint to resist the impact force. We suggest that the increased 
knee flexion at TD in the A300 hypergravity conditions may have limited 
the risk of injury as suggested by Dai et al. (2015) and Decker et al. (2003). 
In conclusion, when the otolithic system is submitted to an increased 
downward acceleration, the CNS may misinterpret the visual input and 
create an ‘elevator illusion’, which in turn modifies the interpretation of the 
actual movement of the body. We have not measured this ‘elevator illusion’ 
during our experiments, but some participants subjectively reported after 
their first jump in hypergravity in the A300 that the instant of TD is 
‘surprisingly early’. This has not been reported in hypergravity conditions 
simulated with the SLS in the laboratory.  
Although hypergravity simulated by the SLS on Earth induces 
incongruent otolithic (1 g) and proprioceptive inputs (1 g + SLS), the EMG 
pattern is closer to the one observed in 1 g (Fig. 7.1, black trace). In contrast, 
hypergravity generated by centrifugal forces induces congruent otolithic 
(> 1 g) and proprioceptive inputs (> 1 g), but the EMG pattern is modified. 
As suggested by Clément (2007), an accelerometer cannot distinguish the 
acceleration of gravity from the dynamic acceleration to which it is 
submitted. The otolith organ is an accelerometer that has always been 
submitted to 1 g. We suggest that this organ is optimized under 1 g, and that 
the CNS is able to extract the dynamic acceleration from the constant 1 g. 
From this hypothesis and the results observed, the 1 g ‘static’ otolithic 
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signal (hypergravity SLS) prevails on the congruence of sensory inputs 
(hypergravity A300) to generate an EMG pre-landing activity closer to the 
one observed in 1 g. 
In the microgravity conditions, we relate two main findings (Fig. 
7.4). First, the EMG activity of the extensor muscles, both before and after 
TD, shows a gradient relative to the microgravity condition. This is not 
observed in hypergravity (Fig. 7.1). This suggests that below 1 g, the CNS 
diminishes the build-up of the EMG activity. This could indicate an 
adaptation strategy to decrease the muscular activity, according to the 
decreased constraints. Unfortunately, we are unable to compare our results 
to the literature as it is the first time that EMG activity during landing is 
studied in different microgravity conditions. Nevertheless, these results are 
in-line with the literature on Earth: when decreasing the height of drop, 
EMG activity before and after TD decreases (Arampatzis et al. 2003; 
Santello 2005; Santello and McDonagh 1998; Santello et al. 2001). Here we 
show in addition that even when the otolithic inputs are modified or when 
sensory inputs are incongruent (i.e. conditions where the otolithic ‘static’ 
inputs equal 0 g but the proprioceptive inputs are related to the force exerted 
by the SLS), the CNS is able to modulate the muscular activity according to 
the gravity constraint. Second, the relative quantity of pre-landing EMG is 
reduced in 1 g simulated in weightlessness compared to 1 g on Earth. This 
comparison highlights the effect of the 0 g versus the 1 g ‘static’ otolithic 
signal on the motor control of landing. This reduction of extensor EMG 
activity is also observed in labyrinthectomized cats (McKinley and Smith 
1983). The fact that the EMG pre-landing activity is reduced when the 
‘static’ otolithic signal equals 0 g and also when the whole vestibular system 
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is ablated in cats suggests that the CNS optimally interpret otolithic 
‘dynamic’ linear accelerations when the otolithic system is submitted to 1 g. 
The common results from the study of McKinley and Smith (1983) and 
from the current thesis also highlight the role of the otolithic system in the 
modulation of the pre-landing EMG activity in landing. In contrast, at least 
on Earth, the effect of the vision on the pre-landing EMG activity seems 
limited. These results come from experiments  comparing landing with 
vision vs blindfolded landing (Liebermann and Goodman (2007) and 
Santello et al. (2001)), suggesting that the pre-landing EMG activity 
depends more on otolithic inputs than on the availability of continuous 
vision. 
All together, our view is that in the specific microgravity 
environment, the CNS can cope with altered otolithic inputs, probably by 
relying more on visual and proprioceptive inputs. 
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Fig. 7.4 EMG traces during CMJ landings in weightlessness with different microgravity 
levels simulated by the SLS (g0-conditions, continuous lines) and on Earth (1 g, interrupted 
lines), as a function of time. Traces are synchronized to touchdown (TD) and averaged 
point by point in each condition. In each environmental condition (weightlessness or 
Earth), the EMG are traces expressed as a percentage of the highest data point in 1 g. Data 
from Gambelli et al. (2016) 
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The modifications of the EMG patterns in hypergravity, either 
induced by centrifugal forces or in 1 g simulated in weightlessness, show 
that the pre-landing EMG activity is systematically reduced when the 
otolithic system is submitted either to 0 g or above 1 g. This suggests that 
the otolithic system is optimized to Earth’s gravity. Longer periods of 
exposure to a weightlessness environment seems to involve an adaptation of 
the otolithic system. Indeed Watt et al. (1986) shows that the otolith-spinal 
reflex decreases progressively during the first 10 days of spaceflight. They 
suggest that the nervous system reacts to confusing otolith afferent 
information by gradually learning to ignore those organs. It would be 
interesting to analyze the pre-landing EMG activity modulation after longer 
exposures to microgravity. This will enlarge the observation of Watt et al. 
(1986) that the CNS tends to ignore afferent information from otolith 
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8 Limitations 
In this section, the limitations of the experimental set-up will be reviewed 
and some unpublished results subject to further investigation will be 
presented. 
 
8.1 The subject loading system 
Ideally, the vertical pull-down force (Ft) exerted by the SLS should be 
constant during the movement. But in this study, we observe some 
variations of (Ft). These variations are inherent to the pneumatic system and 
due to friction and inertia in the pistons, as well as pressure drops in the 
pneumatic system. As a result, Ft is always greater during the upward 
movement of the COM compared to the downward movement (Fig. 8.1 and 
Table 8.1).  
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Fig. 8.1 Typical trace of a CMJ of one subject (50 kg, 1.62 m, 25 yo) in simulated 1 g in 
weightlessness (Chapter 6). The vertical position of the COM (Sz) and the vertical 
component of the pull-down force (Ft/BW) are presented as a function of time. The 
horizontal dotted line represents Ft/BW averaged during the whole CMJ and the grey box 
represents ±1 SD. The vertical dashed lines indicate the take-off (TO) and the touchdown 
(TD). The vertical dotted lines indicate the lowest vertical position of the COM before TO 
(Sz-push), the height of the jump (Sz-max) and the lowest vertical position of the COM after TD 
(Sz-min). Upward Ft/BW is calculated between Sz-push and Sz-max, Downward Ft/BW is 
calculated between Sz-max and Sz-min (see Table 8.1) 
 
In addition for the same “gravity conditions”, Ft varies from one 
experimental session to another (Chapter 5, Chapter 6, see Table 8.1). 










Chapter 5	   0.21±0.02	   0.28±0.02	   0.18±0.01	  
0.2 g 
Chapter 6	   0.20±0.01	   0.25±0.02	   0.18±0.01	  
1.2 g-SLS 
Chapter 4	   0.22±0.01	   0.28±0.02	   0.18±0.01	  
0.4 g 
Chapter 5	   0.41±0.02	   0.52±0.04	   0.35±0.02	  
0.4 g 
Chapter 6	   0.39±0.02	   0.46±0.03	   0.34±0.02	  
1.4 g-SLS 
Chapter 4	   0.43±0.02	   0.50±0.02	   0.36±0.02	  
0.6 g 
Chapter 5	   0.60±0.03	   0.75±0.06	   0.52±0.03	  
0.6 g 
Chapter 6	   0.57±0.03	   0.67±0.03	   0.50±0.02	  
1.6 g-SLS 
Chapter 4	   0.63±0.01	   0.72±0.02	   0.55±0.01	  
1 g 
Chapter 5	   0.99±0.05	   1.17±0.06	   0.88±0.05	  
1 g 
Chapter 6	   0.94±0.04	   1.07±0.05	   0.83±0.04	  
Table 8.1 Average pull-down force exerted by the Subject Loading System (SLS) 
normalized in body weight on Earth (Ft/BW) during the whole trial (Average Ft/BW), 
during the upward movement of the COM (Upward Ft/BW, see Fig. 8.1) and during the 
downward movement of the COM (Downward Ft/BW, see Fig. 8.1). Data are presented for 
CMJs as a function of the “gravity conditions”: weightlessness environment (Chapter 5, 
and Chapter 6), and hypergravity simulated by the SLS (Chapter 4). Grey boxes denote 
the values discussed in this section 
 
As discussed in Chapter 5, the increased upward pull-down force 
may have affected the landing. The motor control of landing in the peculiar 
condition of 1 g in weightelessness is closer to the one observed in 
hypergravity (1.2 or 1.4 g-conditions) than in 1 g on Earth. In particular, the 
impact force and loading rate, indicative of the mechanical stress on the 
body are similar and greater, respectively as compared to landing on Earth. 
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Interestingly, the values obtained when landing from CMJs in the 1 g-
condition in weightlessness presented in Chapter 6 are close to the values 
obtained on Earth. In this last experimental session, the Upward Ft/BW is 
closer to 1 (1.07±0.05, Chapter 6), as compared to the Upward Ft/BW from 
the previous session (1.17±0.06, Chapter 5, see grey boxes in Table 8.1).  
These results are of primary importance for further investigations 
intended to study the motor control of landing in weightlessness using a 
SLS. One one hand, if the goal is to reproduce the motor control of landing 
on Earth, the value of the pull-down force during the upward movement of 
the COM should not exceed 1.07 g (Table 8.1, Chapter 6). On the other 
hand, if the goal is to use CMJs as a potential countermeasure for bone and 
muscle mass loss induced by long duration spaceflights, the upward pull-
down force should be set at 1.17 g (Table 8.1, Chapter 5). Meanwhile, these 
reccommandations are to take with care as the participants were not 
instructed to jump as high as possible. If participants were instructed to 
jump as high as possible, they would have increased the vertical velocity of 
the COM before TO, and as a consequence, the variations of Ft may have 
been greater (since the variations of Ft are closely related to the variations of 
the vertical velocity of the COM). Nevertheless in 1 g-condition simulated 
in weightlessness, Fz-peak/BW equals 3.0±0.9 (Chapter 6), 2.8±0.9 (Chapter 
5), and the loading rate equals 63±52 (Chapter 6), 35±21 BW.s-1 (Chapter 
5) for CMJs. These values are similar or superior to the one obtained for 
CMJs on Earth: 3.4±0.8 for Fz-peak/BW and 37±17 BW.s-1 for the loading rate.  
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8.2 CMJ as a potential countermeasure 
The values of impact force and loading rate obtained in simulated 
1 g in weightlessness highlight the interest of using CMJs as a 
countermeasure to prevent bone and muscle mass loss in long duration 
spaceflights. The way subjects land in the current work is not imposed by 
the experimenters. The values of impact force and loading rate obtained in 
the current thesis could have been greater if we had instructed our subjects 
to modify their landing technique. D’Andrea et al. (2005) report in CMJ 
landings in microgravity that the impact force and loading rate are almost 
doubled in “flat foot” landing as compared to “toe-heel” landing. 
The best compromise between the magnitude of the pull-down force 
and the type of exercise should be further investigated, in order - for 
example - to decrease the discomfort of the astronauts and to optimize the 
stimulus on the bones. The loss of bone mass, especially in the lower 
extremities (LeBlanc et al. 2000), is one of the most worrying issue in long 
duration spaceflights and requires a long recovery time: 9 months to recover 
50 % of the bone mass lost (Sibonga et al. 2007). It is generally accepted 
that bone growth is highly dependent on the strain (both the magnitude and 
the rate of the strain) to which bones are submitted: impact force and 
loading rate are good cues in bone growth stimulation (LaMothe and 
Zernicke 2004; Mosley and Lanyon 1998). It has been recently reported that 
the impact forces and loading rates obtained during running on the treadmill 
on the International Space Station are below the values obtained when 
running on a treadmill on Earth (De Witt and Ploutz-Snyder 2014). 
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In our view, performing CMJs in weightlessness with simulated 1 g 
is not the best time efficient type of exercise to counteract the detrimental 
effects of weightlessness. Those detrimental effects include the loss of bone 
and muscle mass as well as the alteration of the cardiorespiratory capacity. 
In the current study, subjects performed 2-5 CMJs during the 20 s of 
weightlessness, involving 6-15 impacts per minute, and the stimulus to the 
bones and muscles is spread between both lower limbs. The rate at which 
subjects perform CMJs in the current study may not provide 
cardiorespiratory benefits. By opposition, when running between 2.2 m.s-1 
and 4.4 m.s-1 in weightlessness with simulated 1 g, each leg is submitted to 
75-85 impacts per minute (Gosseye et al. 2010). In addition, running 
provides a stimulation of the cardiorespiratory capacity: running 40 minutes 
6 days per week allows the maintenance of the cardiorespiratory capacity as 
well as the sprinting capacity (Lee et al. 2007). Therefore, further 
investigation is required to determine the best time efficient type of exercise 
associated with appropriate magnitude of pull-down force to reduce the loss 
of bone and muscle mass and the deterioration of cardio-respiratory 
capacity, induced by long duration spaceflights. 
If landing from a CMJ may not be the appropriate type of exercise to 
counteract the detrimental effects of weightlessness, it could be an 
interesting exercise to reduce the incidence of injury in sports involving 
landing. It has been shown that neuromuscular training combined with 
instructions to perform soft landing with greater knee flexion at initial 
contact significantly reduces the incidence of serious knee injury in female 
athletes (Hewett et al. 1999). In our study, the participants land with greater 
knee flexion when the level of hypergravity increases, and this effect is 
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more pronounced when the hypergravity is simulated by centrifugal forces. 
This could suggest that humans spontaneously adopt a protective landing 
strategy, when exposed to increased constraints and altered sensory inputs. 
In addition, hypergravity involves decreased aerial time for a given height 
and therefore provides less time to prepare to the collision. This situation 
partly mimics a game during which athletes have to be fast, focused on the 
competition and are less aware of their body position during landing. 
Landing from a CMJ in a centrifuge or with a SLS should be further 
investigated to determine its potential use as a countermeasure to reduce the 
risk of injury in sports. 
 
8.3 The determination of EMG onset latencies 
In this thesis, the determination of the EMG onset latency, i.e. the time at 
which the EMG activity starts to increase before TD has only been reported 
in the 1 g condition on Earth. These EMG onset latencies are determined 
using the method of Santello and McDonagh (1998) (see Fig. 1.4). 
During the taer of CMJs in 1 g on Earth, a ‘silent’ EMG phase is 
present between residual EMG activity from the push and the onset of pre-
landing EMG. We have determined the EMG onset latencies trial by trial, 
and visual inspections and manual corrections are performed if inconsistent 
results are obtained from the method of Santello and McDonagh (1998). As 
reported in Chapter 4, the PB, GL and TA muscles are first activated 
106±27 ms, 104±25 ms and 82±23 ms before TD, respectively. Then, BF 
and Sol begin to contract at 72±32 ms and 67±23 ms before TD; at last, the 
VL muscle is activated 24±14 ms prior to TD. In studies using the same 
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method for the EMG onset detection, TA, BF and Sol muscles are activated 
95 ms, 92 ms and 70 ms before TD, respectively (Santello et al. 2001); GL 
and VL muscles are activated 96 ms and 43 ms before TD, respectively 
(Gehring et al. 2009). Our results are in good agreement with those reported 
in the literature considering our ~20 ms inter-subject variability. All these 
results suggest that the muscles of the ankle joint contract first to build up 
muscular force, and it supports the evidence that the ankle joint is the first 
joint involved at ground contact. 
One of the objectives of this thesis is to assess the effect of gravity 
on the latency of EMG onset in all experimental conditions. Unfortunately, 
it is impossible to determine reliable EMG onsets in hypergravity conditions 
especially in 1.6 g where the aerial phase duration is less than ~200 ms. In 
addition in many cases, EMG activity is continuous during taer, inducing an 
impossible detection of EMG onset. 
 
 
Fig. 8.2 Typical EMG activity of GL muscle during a CMJ in 1.6 g-SLS condition as a 
function of time. The red dashed lines delimit the aerial phase from take-off (TO) to 
touchdown (TD). The blue dotted line indicates the EMG onset detected by the algorithm of 
Santello and McDonagh (1998). 
 
In Fig. 8.2, the EMG activity of the GL muscle is continuous during taer and 
the EMG onset latency given by the algorithm of Santello and McDonagh 
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(1998) is not satisfactory. Besides, it is also difficult to determine visually 
the EMG onset in such trials. Therefore, we have decided not to report our 
results as they are potentially erroneous. 
In microgravity conditions, the EMG onsets are also difficult to 
determine as in many cases, individual bursts are present during taer. In such 
cases, it is unclear which part of this discontinuous EMG activity prepares 
the body to the collision with the ground. 
 
Fig. 8.3 The top graph represents a typical EMG activity of Sol muscle during a CMJ in 
0.2 g-condition as a function of time. One can observe multiple bursts during taer that lasts 
up to 1200 ms. The red dashed lines delimit the aerial phase from take-off (TO) to 
touchdown (TD). The bottom trace represents the difference between the reference line 
(thin) and the IEMG trace (bold) of the Sol as a function of time during taer from the method 
of Santello and McDonagh (1998). The greatest difference corresponds to the EMG onset 
delimited by the blue dotted line. The green dotted line indicates the EMG onset visually 
determined 
 
In Fig. 8.3, the EMG activity is made up of individual bursts from TO to the 
blue dotted line, then the EMG activity is relatively continuous until a 
decrease just before the green dotted line, where it increases again before 
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TD. The EMG onset latency determined by the method of Santello and 
McDonagh (1998) is way longer (= 585 ms, see the blue dotted line in Fig. 
8.3) than the ~70 ms reported for the Sol muscle in 1 g. It seems akward that 
the CNS commands the activation of the Sol muscle to resist the impact 
585 ms before TD (corresponding to the beginning of the descent in this 
trial) when submitted to a gravity that represents only 1/5 of the gravity on 
Earth. By visually observing the trace, the beginning of this pre-landing 
EMG onset likely starts at the green dotted line as the activity does not 
decline dramatically before TD. This leads to identify two onsets (the blue 
and the green) dramatically different. These observations suggest that 
neither the method of Santello and McDonagh (1998), nor the “visual 
method” can reliably determine the onset of the pre-landing EMG activity 
In some other cases, no pre-landing EMG actvity is present, 
especially for anti-gravity muscles. In those cases, the onset latency 
identified with the method of Santello and McDonagh (1998) corresponds to 
TO, which is obviously wrong.  
 
 
Fig. 8.4 Typical EMG activity of Sol muscle during a CMJ in 0.2 g-condition as a function 
of time. The red dashed lines delimit the aerial phase from take-off (TO) to touchdown 
(TD). The blue dotted line indicates the EMG onset detected by the algorithm of Santello 
and McDonagh (1998) 
  179 
In Fig. 8.4, some residual EMG activity is present after TO, but no pre-
landing EMG activity is observed and the onset latency determined by the 
method of Santello and McDonagh (1998) is wrong (blue dotted line, Fig. 
8.4). Therefore in order to assess the pre-landing EMG activity, we have 
quantified the number of trials where tha activity could be considered as 
absent: either continuously activated (Fig. 8.2) or completely absent (Fig. 8.4). 
The percentage of trials where pre-landing EMG activity is present in CMJ 




Fig. 8.5 Percentage (%) of trials where pre-landing activity is present in TA, PB, GL, Sol, 
VL and BF muscles in CMJ landings in microgravity (0.2-1 g-conditions, Chapter 5) and 
on Earth (1 gEarth) 
 
Two main findings arise from these results (Fig. 8.5). First, the comparison 
of 1 g on Earth and in weightlessness shows in all muscles a decrease of the 
number of trials where pre-landing EMG activity is present. This decrease in 
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1 g in weightlessness is probably due to errors due to the altered otolithic 
inputs, although participants are still able to stabilize their landing. 
Second when decreasing the gravity level in weightlessness, a 
decrease of the number of trials where pre-landing EMG activity is present 
is mainly observed in the antigravity muscles. In addition (not illustrated in 
Fig 8.6), even if pre-landing EMG is present, the EMG amplitude is also 
reduced when the gravity level is decreased. For example in the 0.2 g-
condition, the Sol EMG amplitude during the 100 ms before TD calculated 
in trials where pre-landing EMG is present corresponds to 30 % of the one 
calculated in the 1 g-condition in weightlessness. So the gradient observed 
in Chapter 5 and presented in Fig. 7.4 is due to two factors: the diminution 
of the number of trials where pre-landing EMG is present and the 
diminution of the pre-landing EMG amplitude.  
This is the first time that the absence of pre-landing EMG activity is 
reported in landing and it deserves further investigation. 
 
  181 
9 Conclusions and perspectives 
By studying landing from jump and drop in various hypergravity and 
microgravity conditions, we provide conditions where otolithic and 
proprioceptive information is modified. Yet, the human body is still able to 
anticipate the instant of touchdown and modify the motor command 
according to the gravity level.  
First, when landing from a CMJ in 1 g on Earth, the CNS prepares 
the body to the forthcoming impact force by contracting the lower limb 
muscles and by flexing the lower limb joints before touchdown. During the 
first part of the landing, the lower limb muscles act like a stiff spring to 
resist the impact. Then, the behavior of the lower limb muscles changes to 
act as a compliant spring associated with a damper to dissipate the energy 
generated during the jump. 
Second, when increasing the gravity level, i.e. hypergravity 
conditions simulated by an additional pull-down force (SLS) or by 
centrifugal forces (A300), the modifications of the landing, mainly observed 
before touchdown and during land1, present the same trend in both 
hypergravitational environments. The increased flexion of the lower limb 
joints at touchdown is likely a strategy: 1) to enhance the stability by 
diminishing the time during which the sole of the foot is not fully in contact 
with the ground (McKinley and Pedotti 1992); and 2) to reduce the risk of 
anterior cruciate ligament injury by increasing the knee flexion (Dai et al. 
2015; Decker et al. 2003). During land1, the stiffness of the system is 
increased by the gravity level, as the impact force is increased and the range 
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of motion of the lower limb joints is decreased. In contrast during the 
second part of landing, the stiffness and the range of motion are not 
modified by the gravity level, whereas the damping coefficient is 
augmented. The EMG amplitude before and after touchdown does not seem 
to be modified by the gravity level.  
The modifications of the motor command before touchdown and 
during land1 are enhanced in the A300 and the EMG pattern is different 
when comparing both hypergravitational environments. The enhanced 
modifications in the A300 are likely due to the increased ‘static’ otolithic 
input and to the probable influence of the ‘elevator illusion’ that may have 
modified the interpretation of the movement of the body. In turn the CNS 
probably ‘predicts’ the instant of touchdown later than its actual time. These 
results highlight the role of the otolithic system in the control of landing. 
Finally, these experiments show that the SLS could be used to simulate 
hypergravity conditions.  
Third, when decreasing the gravity level in a weightlessness 
environment, the lower limb joints are more extended at touchdown. The 
modification of the body configuration at touchdown seem to follow a 
continuum below and above 1 g. As pointed out in hypergravity conditions, 
the ‘crouched’ body position may increase the stability and reduce the risk 
of anterior cruciate ligament injury, whereas the ‘erect’ body position 
observed in hypogravity conditions may be more economic as the lever 
arms at the individual joints would be reduced. However, we are unable to 
determine the direct influence of the body position on the landing dynamics 
because the range of motion during landing is also modified by the gravity 
level.  
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The landing command does not follow the ‘principle of continuity’ 
assuming modifications in mirror around 1 g. This ‘principle of continuity’ 
was initially supported by opposite biological responses in micro and 
hypergravity (Wade 2005). In hypogravity conditions, the stiffness observed 
during the second part of the landing is modulated according to the gravity 
level; it is not the case in hypergravity conditions. The EMG amplitude also 
presents a gradient showing that the CNS adapts the muscular activity 
before and after touchdown according to the gravity level; it is not the case 
in hypergravity conditions. Further investigations are still needed to explore 
this point. In conclusion, the CNS adapts the landing according to the 
reduced gravity conditions, showing its ability to cope with hypogravity in a 
weightlessness environment, probably by relying more on visual and/or 
proprioceptive inputs. 
Fourth, when landing from a drop, the sensory information provided 
to the CNS is more limited because the participants only fall before 
touchdown. Yet the CNS is still able to adapt, but the landing seems less 
finely controlled; the impact force and loading rate are greater than in 
landing from a CMJ. In both tasks, EMGs and kinetics of landing are 
correlated with the amount of energy gained during the descent. In 
conclusion, the CNS is able to control the landing with limited information 
in an environment where sensory inputs are altered. 
Fifth, when landing in simulated 1 g in weightlessness, the landing is 
modified compared to landing on Earth. The reduction of the pre-landing 
muscular activity observed is also reported in labyrinthectomized cats 
(McKinley and Smith 1983). It could be due to an altered perception of the 
instant of TD as the ‘static’ otolithic input equals zero in weightlessness. We 
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suggest that the CNS may not properly extract the ‘dynamic’ acceleration of 
the body when the ‘static’ otolithic input deviates from 1 g. In 1 g simulated 
in weightlessness, the impact force and the loading rate are similar or 
doubled as compared to on Earth and the landing could be compared to 
landing in hypergravity conditions. This result may be of primary 
importance to consider the implementation of CMJ as a countermeasure for 
the loss of bone and muscle mass induced by a long duration spaceflight. As 
far as we know, the current duration and intensity of exercise seem 
insufficient, and astronauts are deconditioned after a long stay in 
weightlessness (Cavanagh et al. 2010; De Witt and Ploutz-Snyder 2014). 
Further studies are required to determine the technique, intensity, duration 
and type of exercise necessary to maintain the bone and muscle mass of the 
astronauts during their entire mission. Improvements of the current exercise 
protocols are necessary to keep our astronauts in good health, still able to 
carry out experiments and tasks when they get - for example - to Mars (a 
journey to Mars would last up to 1100 days according to NASA). 
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